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NOTICE 

The Organization for Economic Co-operation and Development (OECD) was 
set up under a Convention signed in Paris on 14th December, 1980, which 
provides that the OECD shall promote policies designed: 

to achieve the highest sustainable economic growth and employment 
and a rising standard of living in Member countries, while maintain
ing financial stability, and thus to contribute to the development 
of the world economy: 
to contribute to sound economic expansion in Member as well as non-
member countries in the process of economic development, 
to contribute to the expansion of world trade on a multilateral, 
non-discriminatory basis in accordance with international 
obligations. 

The Members of OECD are Australia, Austria, Belgium, Canada, Denmark, 
Finland, France, the Federal Republic of Germany, Greece, Iceland, Ireland, 
Italy, Japan, Luxembourg, the Netherlands, New Zealand, Norway, Portugal, 
Spain, Sweden, Switzerland, Turkey, the United Kingdom and the United States. 

The OECD Nuclear Energy Agency (NEA) was established on 20th April 1972, 
replacing OECD'S European Nuclear Energy Agency (ENEA) on the adhesion of 
Japan as a full Member. 

NEA now groups all the European Member countries of OECD and Australia, 
Canada, Japan, and the United States. The Commission of the European 
Communities takes part in the work of the Agency. 

The primary objectives of NEA are to promote co-operation between its 
Member governments on the safety and regulatory aspects on nuclear development, 
and on assessing the future role of nuclear energy as a contributor to 
economic progress. 

This is achieved by: 
- encouraging harmonization of governments' regulatory policies and 

practices in the nuclear field, with particular reference to the 
safety of nuclear installations, protection of man against ionizing 
radiation and preservation of the environment, radioactive waste 
management, and nuclear third party liability and insurance; 

- keeping under review the technical and economic characteristics of 
nuclear power growth and of the nuclear fuel cycle, and assessing 
demand and supply for the different phases of the nuclear fuel 
cycle and the potential future contribution of nuclear power to 
overall energy demand; 
developing exchanges of scientific and technical information on nu
clear energy, particularly through participation in common services; 
setting up international research and development programs and 
undertakings jointly organized and operated by OECD countries. 

In these and related tasks, NEA works in close collaboration with the 
International Atomic Energy Agency in Vienna, with which it has concluded a 
Co-operation Agreement, as well as with other international organizations in 
the nuclear field. 

LEGAL NOTICE 

The Organization for Economic Co-operation and Development assumes no 
liability concerning information published in this Bulletin. 
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NEUTRON CAPTURE DATA AND FBR PERFORMANCE PREDICTIONS 

by 

Peter J. Collins 
Argonne National Laborstory 

Idaho Falls, Idaho, USA 

Abstract 

The accuracy requirements for Physics parameters in fast breeder 
reactors and the extent to which they are achieved through tests with 
integral experiments are reviewed. Sensitivities to capture cross sections 
are discussed for calculations of fuel enrichment, breeding ratio, re
activity, safety parameters, power distributions, and control rod worths. 

I. Introduction 

Uncertainties in the prediction of physics parameters result in in
creased design margins to cover operational and safety requirements vrhich 
lead to economic penalties. There is general agreement on what target 
accuracies are achievable. Table 1 shows the requirements for commercial 
plants from reviews in the U.S.^, France^, and the U.K.3. In addition to 
uncertainties due to basic nuclear data and bias factors applied, account 
must be taken of approximations in calculation methods and engineering 
limitations. To ensure that requirements are met with about 93Z confidence, 
it is common to design for two standard deviation variations about the 
nominal values. 

The target accuracies have been approached or achieved for many basic 
parameters in fresh cores through the extensive use of critical experiments. 
The integral data are used either to provide bias factors or alternatively 
in the production of adjusted data libraries which adequately fit the 
experimentsl results. Data adjustment had its origins in fitting measure
ments in relatively simple benchmark cores. Subsequent testing in more 
realistic mock-up experiments or with data from operating power reactors may 
require a re-adjustment or the additional use of bias factors. Sensitivity 
analyses, in varying degrees of detail, are used to obtain uncertainty 
estimates for the predicted parameters. These analyses use nuclear data 
uncertainties to treat the mismatch between experimental data and the design 
reactor. 

Not all requirements can he met by integral data. Significant limi
tations arise from material inventories and in the reproduction of temper
ature effects. These are covered to some extent by zone experiments and 
studies of samples of materials in small amounts. Further improvements in 
nuclear data will have important impact in several areas; optimization of 
designs for commercial size reactors, operation and fuel-cycle related 
parameters, design for new concepts which may step significantly out of the 
range of cores for which data is now available. 



Recent reviews of nuclear data needs for LMFBRs have been given by 
Hammer and Rowlands^. In this paper, the present accuracies obtained 
for basic fast reactor parameters are reviewed in relation to the target 
accuracies and the influence of uncertainties in capture cross sections is 
discussed. 

II. Critical Mass and Breeding Ratio 

The calculated eigenvalue and breeding ratio in a plutonium uranium 
fueled fast reactor are strongly correlated because of the common reaction 
rates which occur in their formulation. Predictions of the critical ma 
room temperatures can be made to better than one percent through the us 
integral assemblies. The extension to operating temperatures introduce 
additional uncertainties due to expansion and Doppler effects. Furt e 
uncertainties arise in calculating the reactivity change over a burnup 
cycle. These are discussed in the next section. Uncertainties in the 
critical mass require increased fuel enrichments to guarantee operation 
the designed fuel cycle. Uncertainties in the breeding ratio have an impact 
on design studies and economic planning. 

Sensitivities (fractional change in a parameter divided by the fraction
al change in a cross section) are generated in detail by generalized per
turbation methods. The energy integrated sensitivities for kgff and 
breeding ratio (with no k-reset) for the initial loading of the Clinch 
River Breeder Reactor (CRBR) and for a U.S. conceptual design for a 1200 MWe 
heterogeneous core, taken from Kallfelz'*, are shown in Table 2. The CRBR 
initial core contains plutonium feed enrichment of 11% and the CDS design is 
for mid-equilibrium cycle. Similar sensitivities for a 1200 MWe convention
al LMFBR design at equilibrium cycle are given by Marable . The sensitivi
ties are quite similar, apart from those for the higher plutonium isotopes, 
which reflect the higher content of '̂̂ "Pu and "̂̂ P̂u in the fuel for the 
commercial designs. 

The integrated sensitivities can be used to give an estimate of the 
relative importance of the capture cross section integrated over the LMFBR 
spectra. Table 3 shows the percent change in cross sections which would 
lead to a 0.25% change in kg^j and 1% in breeding ratio. These variations 
result from similar cross section changes in the principal plutonium isotopes 
and in U. The internal and external breeding ratios are sensitive to 

p -J u . 

different energy ranges for U capture because of the softer spectra in 
blanket zones. In making full use of sensitivity information it is neces
sary to consider correlations between the cross sections. Correlations 
between '̂ °̂U capture and Pu fission are especially important because of 
their high sensitivities. 

A study of the kgff and breeding ratio biases and uncertainties for a 
large conventional LMFBR is described in detail by Marable et al. in Ref. 5. 
This work included cpvariance information for the fission, capture and "̂  
data of ^^^Pu, and '̂ "̂u, and ^̂ -̂ Û. A data adjustment procedure was used, 
with benchmark integral data for kgff and reaction rate ratios, to predict 
kgff and breeding ratio biases and their uncertainties. Their results are 
shown in Table 4. The estimated standard deviations due to evaluated 
nuclear data were 3% for kgff and 7% for breeding ratio. The standard 



deviations making use of integral experiments reduced to 0.5Z and 2X and 
approach the design goals. These results are similar to those obtained in 
other studies, for example Rowlands^. 

III. Fuel Cycle Reactivity 

(Changes in reactivity over a burnup cycle result from changes in heavy 
metal concentrations in the core, production of plutonium in blanket regions 
and capture in fission products. Integral data related to burnup effects 
are limited or Indirect. However results are becoming available from the 
operating reactors themselves. The CARNAVAL adjusted data set utilizes 
integral measurements in zones with high '̂̂ P̂u content, irradiations 
of samples in PHENIX and RAPSODIE and integral data for fission product 
samples^. The ENDF/B-V fission product data for fast reactors included 
adjustment from integral measurements^. 

The method of determining the enrichments for the first loading of 
Superphenix is described by Giacometti^. Table 5, taken from the results in 
this reference, shows the reactivity changes and uncertainty components over 
the first cycle. The uncertainty in fission product reactivity results from 
an 8Z uncertainty (lo) in the CARNAVAL pseudo-FP data. The uncertainty due 
to heavy atom evolution in the core results from an uncertainty of 0.003 in 
the internal breeding gain of -0.013. These uncertainties are taken into 
account by an increase in enrichment of 3.9Z (increase of 220 kg plutonium) 
and result in a 25Z increase in the reactivity loss per cycle and a 17Z 
decrease in breeding gain. 

The fuel enrichment specification for CRBR (heterogeneous core) is 
described by Lake^°. After the first cycle of 128 efpd for the initial 
core, three blanket assemblies are replaced by fresh fuel and the second 
cycle occupies 200 efpd. The calculated burnup reactivity swings for the 
two cycles are shown in Table 6. The total excess reactivities and uncer
tainties including fuel fabrication and calculation uncertainties etc., are 
(1.335 ± 0.407) and (1.885 ± 0.727)Z Ak at the end of each cycle. No bias 
is taken for the core conversion ratio and a conservative estimate of 5Z 
uncertainty is assumed. A conservative estimate of 25Z (lo) is also assumed 
for the lumped fission product data for ENDF/B-III used in the calculations. 

Recent analysis for CRBR using the ENDF/B-V fission product data and 
covariance matrices^^ shows a negligibly different reactivity bias (0.02Z 
Ak the end-of-cycle-four) compared with the Version III fission product 
data. However the uncertainty is reduced by a factor of four to 6.4Z (lo). 

(Codes are becoming available to calculate sensitivities by time-
dependent generalized perturbation theory^2>^3. These will provide 
economic means to study the fuel cycle problems in detail. 

Recent reviews of nuclear data needs for actinides and fission products 
have been given by Kusters^'*, Rowlands^^, and Hammer^^. 



IV. Sodium Void Reactivity 

Sodium void coefficients for input to fast reactor safety codes are 
usually calculated with fairly simple methods such as first order 
diffusion-perturbation theory with few energy groups. Such techniques 
introduce errors of the order of 10% but are sufficient in relation to the 
complication of the accident analysis. A target accuracy of 20% on the 
maximum positive sodium void reactivity is commonly regarded as acceptable. 
The target accuracies have been achieved through the large number of measure 
ments made in mock-up experiments over the past decade. The uncertainties 
in extrapolation to the power reactors are taken into account. However,^ 
comparisons with experiment show consistent overpredictions of 10% to 15A 
with ENDF/B-IV data^^ and calculations with Version V data are only a few 
percent different. The source of this discrepancy is presumed to lie in the 
nuclear data. 

Calculations with adjusted data sets show better agreement with experi
ment than for ENDF/B data. However bias factors significantly different 
from unity are obtained. Table 7 compares the non-leakage and leakage bias 
factors for FGLS^^, CARNAVAL-IV^^ and ENDF/B-IV. Note that the bias factors 
are also dependent upon the calculation methods employed. 

In the operating reactor, control rods are withdrawn as fission 
products build up. A number of experiments have been made to study sodium 
voiding around boron control rods. The predictions are similar to those for 
cores with the rods withdrawn, provided transport corrections of the order 
of 10% are made. 

Energy-integrated senstivities for voiding the inner core zone of a 
1200 MWe conventional core are shown in Table 8. These were generated 
taking into account the spectrum change on complete voiding of the zone in 
an rz model. Relatively high sensitivities are found for capture cross 
sections, including those of structural materials and fission products. 
Figure 1 shows the energy variation of the sensitivities for capture in 
lumped fission products, ̂ ^^U, iron and molybdenum. The sensitivities are 
particularly large in the vicinity of the 2,8 KeV sodium resonance. The 
profiles for lumped fission products and uranium are similar because of the 
group-averaged data employed. Capture resonances in this energy range may 
have significant effects on sodium void reactivity. In the case of iron, 
the sensitivity around the 1.2 KeV resonance is an order of magnitude 
greater than elsewhere. 

The spectrum changes upon sodium voiding must be taken into account 
when assessing the uncertainty due to fission products. Integral measure
ments of fission product worths and capture cross sections are required in 
both normal and voided spectra to high accuracy to provide these data. 
Experiments on sodium voiding in the presence of a fission product mixture 
have been made in the FCA assembly^''. While the fission product worth was 
well predicted, the change in sodium void worth in the presence of this 
material was predicted badly compared with in zones containing Mo and Nb. 
It was concluded that more precise data for the capture cross section of 
fission product material was required in the 100 eV to 10 KeV range. 
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Fig. 1. Sensitivities of inner core sodium void to capture in lumped 
fission product, ^38^^ iron, and molybdenum. 



V. Doppler Effect 

The Doppler coefficient of reactivity in fast reactors is due princi
pally to resonances in 238u. The energy range from 200 eV to 10 KeV accounts 
for 80-90% of the total Doppler effect. Uncertainties in the Doppler 
coefficient, apart from those due to the ^SSy resonance parameters, arise 
from calculation of the fraction of neutrons in this energy range. For 
other materials an increase in capture cross sections decreases the opp 
effect. 

' 9 2 

Tests of calculated Doppler coefficients rely on the SEFOR experiments 
supplemented by small sample Doppler measurements in critical experiments. 
Uncertainties of 12% to 15% result from these analyses when extrapolated to 
power reactors. Butland^l has given estimates of additional uncertainties 
for extrapolation to the equilibrium fuel cycle. Fission products decrease 
the Doppler coefficient by 10%. An uncertainty in fission product capture 
of 10% results in uncertainties of 0.5% to 1.5% through the cycle for a two 
batch refuelling scheme. Uncertainties in the higher plutonium isotope 
data, 20% to 30% for capture, give uncertainties in the Doppler effect of 1% 
in the fresh core to 3% at full burnup. 

The Doppler effect in steel may contribute as much as 10% to 15% of the 
isothermal Doppler coefficient in an LMFBR and its uncertainty must be 
considered. The Doppler effect in the converter region of the proposed U.S. 
safety test facility was due almost entirely to steel isotopes. Recent work 
has lead to improved algorithms for calculation of structural Doppler 
effects^^. 

VI. Power Distributions 

In the 300 MWe size conventional cores, little discrepancy in fission 
rate distributions in core regions has generally been found and target 
accuracies of about ±2% on the form factors have been satisfied with no bias 
factor requirements. Reaction rates deep into the blanket regions are often 
mispredicted, by as much as 5% to 10%. 

The heterogeneous core designs and larger conventional cores show 
higher sensitivities. This is evident for the NEACRP sponsored intercom
parlson calculations^'*, where marked differences were found among the 
contributors solutions. Table 9 shows a comparison of integrated sensi
tivities for a 300 MWe core and the 1200 MWe benchmark. Sensitivities for 
the larger core are much higher, sometimes by a factor of four. The •̂ •̂ Û 
capture sensitivity is dominant among the absorption reactions. However 
effects due to capture components of steel are not negligible in view of 
variations of up to 60% among processed multigroup libraries. 

Sensitivities for the heterogeneous core designs at initial 
loading may be larger than for the conventional cores. However, the 
sensitivities decrease with burnup due to production of plutonium in the 
internal blankets leading to increased coupling between the fuel rings-^^. 



VII. Control Rod Worths 

Target accuracies of 5Z are achievable after bias factors are employed. 
However the rod worths are sensitive to approximations in the calculation 
methods. These must be carefully taken into account in the application of 
bias factors. Uncertainties of about 3Z in the reactivity scale must be 
taken into account if a sufficiently faithful mock-up is not available. 
The most refined calculations tend to show a bias in comparison with experi
ment with some data sets^^. The NEACRP comparison showed discrepancies in 
the central control rod worths of as much 30Z between calculations using 
precisely specified methods. As in the case of power distributions, the 
23By capture sensitivity predominates among the absorption reactions but 
non-negligible components are found for capture in the diluent materials. 

As might be expected from power shape misprediction, different biases 
are sometimes found, in the more sensitive cores, for control worths as a 
function of radius. C/E values for outer ring rod banks may be 5 to lOZ 
higher than for inner rod positions. These discrepancies diminish after 
considerable refinements in calculation but discrepancies remain with the 
ENDF/B data^^. Table 10 shows the energy-dependent sensitivities for a 
central rod and for the outer control rod bank in a conventional core of 
intermediate size. Because of the different signs in sensitivities between 
the two positions, a change in capture cross sections of 5Z can change the 
relative predictions of the rod worths by 2Z. 

VII. Conclusion 

At the present stage the data from integral experiments are essential 
in meeting target accuracies either in deriving bias factors or in the 
production of adjusted data sets. However, this information is limited in 
many areas and does not generally produce significant improvements in 
knowledge of differential data over the energy ranges corresponding to the 
group widths used in fast reactor analysis. 

Reductions in the accuracies presently obtained are required in design 
parameters for the optimization of future commercial plants and in calculat
ing burnup effects. Improved differential data is essential in achieving 
these objectives and in resolving discrepancies that still exist between 
calculation and integral experiments. 

The target accuracies (lo) for principal capture cross sections averaged 
over the LMFBR spectra are summarized as follows^*^: 

23Bu, 2«»0pu 3X 
23!>U, 2J9pu 4j; 
2-iPu, 2'«lAm 5Z 
Fe, Cr, Ni 5Z to lOZ 
Primary fission products 3Z to lOZ 

Requirements for secondary transactinides are determined by calculation of 
the activity of irradiated fuel rather than by core performance. Target 
accuracies for priority 1 materials are typically lOZ. 



The correlations between the data are also important. The high accuracy 
requirements for kgff and breeding ratio require the spectrum averaged 
value of ^^^U capture relative to ̂ ^^Pu fission to an accuracy of about 
1.5%. Further reduction in uncertainties of Doppler and sodium void re
activities can be achieved through improved knowledge of resonance 
parameters and of capture data in specific energy ranges. 
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TABLE 1. Accuracy Requirements for Design Parameters (la) 

Parameter Greebler^ Hammer'̂  Rowlands 

Critical Mass 1% (Pu Enr.) 0.5% Ak 0.5-1.0% Ak 

2% 1.5% 1% 
Peak/Average Power 
Density 

Control Rod 

Worth 2% 

Doppler Coefficient 7% 

Sodium Void 

Reactivity 0.3$ 
Reactivity Loss - -
per Cycle 

Total Breeding Gain - - 0.015 0.03 

5% 

7.5% 

10% 

0.25% Ak 

5% 

10-15% 

10-15% 

5% of 
reactivity 
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TABLE 2. Sensitivities for kgff and Breeding Ratio 
in Two Heterogenoues Cores 

Dat J 

239pu 

2-Opu 

2-lpu 

2-2pu 

23 5u 

238u 

Na 

Fe 

Cr 

Ni 

Mn 

Mo 

B 

V 

Of 
Oc 

V 

Of 
Oc 

V 

Of 
Oc 

V 

Of 
Oc 

V 

Of 
Oc 

V 

Of 
Oc 

Oc 

Oc 

Oc 

Oc 

Oc 

Oc 

•^pff 

CRBR* 

0.840 
0.598 
-0.0563 

0.0295 
0.0204 
-0.0081 

0.0265 
0.0191 
-0.0013 

0.00041 
0.00028 
-0.00009 

0.0099 
0.0072 
-0.0008 

0.116 
0.071 
-0.191 

-0.0016 

-0.0109 

-0.0081 

-0.0037 

-0.0017 

-0.0036 

CDs'* 

0.691 
0.501 
-0.049 

0.051 
0.035 
-0.015 

0.120 
0.088 
-0.006 

0.005 
0.003 
-0.002 

0.009 
0.007 
<0.00l 

0.124 
0.077 
-0.219 

-0.002 

-0.012 

-0.005 

-0.005 

Breeding 

CRBR* 

-0.033 
-0.760 
-0.174 

-0.0020 
-0.0012 
0.0244 

-0.0008 
-0.0233 
-0.0040 

-0.00003 
-0.00002 
0.00003 

0.0073 
-0.013 
-0.0069 

0.0281 
0.0180 
0.677 

-0.0014 

-0.0090 

-0.0060 

-0.0031 

-0.0041 

-0.0026 

Ratio 

CDs'' 

-0.013 
-0.668 
-0.174 

-0.003 
-0.002 
0.047 

-0.006 
-0.112 
-0.019 

<0.00l 
<0.00l 
<0.00l 

0.004 
-0.013 
-0.006 

0.018 
O.Oll 
0.756 

<0.00l 

-0.005 

-0.003 

-0.003 

*CRBR at beginning of Cycle I. 

^CDS at mid-equilibrium cycle from Ref. 4. 
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TABLE 3. Changes in Capture Cross 
Sections Producing Variations 
of Approximately 0.25% in kgff 
and 1% in Breeding Ratio 

Capture 
Cross Section 

239pu 

24 Op^ 

24 Ip^ 

24 2p̂ , 

235u 

238u 

Na 

Fe 

Cr 

Ni 

Mn 

Mo 

k 

5 

15 

40 

125 

250 

1.1 

125 

20 

30 

50 

125 

60 

BR 

6 

20 

50 

1000 

150 

1.3 

700 

100 

150 

300 

250 

400 

TABLE 4. kgff and Breeding Ratio Prediction 
for a 1200 MWe Conventional LMFBR* 

Calculated value with 
ENDF/B-IV 

Cgff Breeding Ratio 

1.000 1.15 

Standard deviation based 
on evaluated data and 
methods biases 3.1 7.3 

Change in calculated 
value due to data 
adjustment, % +1.4 -5.5 

Standard deviation of 
adjusted value, % 

*From Marable, Ref. 4. 

0.5 2.0 



13 

TABLE 5. Uncertainty Components for Superphenix k^ff' 

Fresh core calculation 
corrected 

Fuel fabrication 
uncertainty 

Fission product buildup 

Burnup in core 

Buildup in blankets 

Control reserve 

Final k 

•̂ eff 

1.03497 

1.00557 

Ak 

-0.02183 

-0.01186 

+0.00729 

-0.00300 

Uncertainty (2o) 

0.00350 

0.00650 

0.00350 

0.00500 

0.00100 

«First cycle 480 efpd (JEPP), Ref. 9. 

TABLE 6. Burnup Reactivity Swing for Cycles 1 and 2 of CRBR 

Calculation with corrections* 

Fission product worth 

Release of gaseous FPs 

(Core conversion ratio 

Total 

Cycle I 

Ak 

0.01358 

-0.00023 

0.01335 

lo 

0.00019 

O.OOll 

0.00185 

0.00216 

Cycle 2 

Ak lo 

0.02180 0.00035 

0.0018 

-0.00036 

0.00331 

0.02144 0.00378 

*Includes fission product worths of 1.4$ and 3.4$ at the end of each 
cycle. See Ref. 10 for details. 
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TABLE 7. Sodium Void Coefficient Bias Factors 

Component FGL5* CARNAVAL:::iŷ  ENOm-lV-

Non-Leakage 1.04 +0.05 0.92+0.03 0.89+0.01 

Axial Leakage 0.89+0.08 1.02+0.03 0.90+0.01 

Radial Leakage 1.00 + 0.20 1.00 ± 0-06 _ 0-90 1 O-Oj 

*Ref. 18, for conventional power reactor at operating 
conditions, U.K. calculation methods with diffusion theory. 

bRef. 19, for Super-Phenix corrected for transport and 

anistotropy effects. 

^Fitting 48 results in integral experiments with a single 

leakage component. 

TABLE 8. Energy Integrated Sensitivities for Inner Core Void 

Material 

239pu 

24 0pu 

241pu 

24 2pu 

235u 

238u 

F.P.* 

Fe 

Cr 

Ni 

Mn 

Mo 

Na 

Capture 

•••-J ' - " 

Sensitivities 

0.426 

0.112 

0.042 

0.0092 

0.0061 

0.924 

0.112 

0.076 

0.026 

0.009 

0.035 

0.028 

0.067 

Fission Sensitivities 

-0.701 

0.036 

-0.267 

0.0041 

-0.016 

0.128 

*Lumped fission products after a burnup 360 days. 
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TABLE 9. Sensitivity Coefficients for 
the Maximum/Minimum Fission Distribution 
in the Inner Core of Conventional LMFBRs* 

Data 

239p„ 

2"0pu 

24 Ip^ 

2-2pu 

2JBu 

Fe 

Cr 

Ni 

Of 
Oc 

Of 
'̂c 

Of 
Oc 

Of 
Oc 

Of 
Oc 

Oc 

Oc 

Oc 

350 MWe 
Core 

•0.0005 
-0.015 

-0.0033 
-0.0016 

•O.OOIO 
N/A 

N/A 
N/A 

•O.OIO 
-0.084 

-0.0063 

-0.0032 

-O.OOll 

1200 MWe 
(Core 

•0.020 
-0.022 

-0.024 
0.004 

•0.026 
-O.OOl 

-0.0027 
-0.0005 

0.036 
-0.365 

-0.020 

-0.010 

-0.007 

*350 MWe reactor with IIZ '̂*"Pu fuel, 
1200 MWe reactor with 20Z '̂ '*"Pu fuel, 

TABLE 10. Control Rod Worth Sensitivities to 238u 
Capture* 

Outer Ring Rod Bank 

0.005 

O.Oll 

0.009 

0.007 

0.009 

0.003 

0.005 

Total -0.358 0.049 

*70 MWe conventional core. Central rod worth 2.6$, 
rod bank worth 10$. 

Lower Ener 

1.4 MeV 

500 KeV 

180 KeV 

67 KeV 

25 KeV 

1.2 KeV 

Thermal 

?y Central Rod 

0.003 

0.002 

-0.008 

-0.029 

-0.051 

-0.178 

-0.097 
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Discussion 

QUESTION: R. Schenter 
Why aren't the control rod worths sensitive to 1°B cross sections? 
ANSWER: P. Collins 
The boron is in large lumps and is very strongly shielded so the rod worths 
show a lower sensitivity. 

QUESTION: R. Macklin . 
Are the target accuracies in the final summary viewgraph 1 sigma, 2 sxgma or 
something else? 
ANSWER: P. Collins 
One sigma. 

QUESTION: R. Peelle 
For a commercial-size breeder (~ 1 GWe), what neutron-energy ranges are impor
tant for capture in structure materials and fissile and fertile materials? For 
example, what are median energies of sensitivity for the most important 
responses? 
ANSWER: P. Collins 
It will depend on the parameter of interest. For the heavy isotope captures 
important for kgff and breeding ratio the range would be 10 to 100 keV. For 
the safety coefficients the range of higher sensitivity is 500 eV to 10 keV. 
The structural-material capture occurs mainly in resonances at particular 
energies. 

QUESTION: A. B. Smith 
What do you attribute to integral-calculation uncertainty for, say, kgff? 
ANSWER: P. Collins 
It is important that these be carefully evaluated both for data adjustment 
and in deriving bias factors. Uncertainties in kgff range from 0.2% for 
simple benchmarks to about 0.5% in complex power reactor geometries. 

QUESTION: W. Poenitz 
Didn't you indicate that if you adjust the cross sections to obtain agreement 
with some type of integral measurement, that you then observe discrepancies 
with others? 
ANSWER: P. Collins 
Yes, that is true. Basically, the adjustments are made with very simple 
parameters, e.g. kgff, reaction rate ratios, etc. We adjust to fit the 
integrated values over the whole energy range. If we then come to other 
specific experiments which have sensitivities in other energy ranges adjust
ments still have to be made. 

QUESTION: A. B. Smith 
I would like to ask a question which probably should be directed to Leo LeSage. 
One figure referred to the NEACRP benchmark comparison. What do these 
differences reflect? Differences in calculation techniques and methods or data? 
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ANSWER: L. LeSage 
Probably P. (Collins can answer this. 

P. Collins: 
The differences came not only from the data, much came probably from processing. 

L. LeSage: 
Yes, as you probably recall, several calculations used ENDF/B and came up 
with quite different answers. As far as the large differences in the power 
distributions are concerned, you can trace this to differences in k. 

QUESTION: A. B. Smith 
What enrichment (2'«0pu) are you assuming for your CRBR comparisons? 
ANSWER: P. Collins 
The sensitivity data were for the initial core loading of CRBR where the 
plutonium will contain IIZ 2'*0p|}̂  j^^^ other data for comnercial cores was 
for Plutonium with 20Z 2«»0pu, 
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A REVIEW OF THE FUNDAMENTALS OF THE NEUTRON CAPTURE REACTION 

by 

R. E. Chrien 
Brookhaven National Laboratory 
Upton, New York, 11973, USA 

Abstract 

Fifty years of research into the nature of the rad
iative capture reaction mechanisms is briefly sum
marized. A variety of such mechanisms is exploited 
to explain neutron capture over nine decades of 
neutron energy. 

I. Introduction 

The topic of neutron capture is as old as the discovery of the neutron. 
This year marks the 50th anniversary of that discovery, which as we all know 
has profoundly influenced the course of human history. The purpose of this 
review is to offer a brief introduction to the understanding of the reaction 
mechanisms for neutron capture, which plays an important and central role in 
the variety of applications which this meeting will address. We note that 
historically the neutron capture has enriched our understanding of the nuc
lear many-body probes, and continues to add to that understanding even at 
this late stage in the development of nuclear physics. Equally important is 
its role in applications and it is worthwhile remarking on the fact that in 
few other areas of nuclear physics is the link between fundamental research 
and applications so close. 

Radiative neutron capture reactions have been observed in almost every 
known stable target nuclide and are often the dominant reaction in the energy 
region just above particle threshold. 

Neutron capture y-ray measurements extend over nine decades of energy, 
from cold and thermal neutron fluxes to the d(t,n) reaction near 15 MeV. In 
these nine decades of energy (Fig. 1), the capture cross section varies from 
well separated resonances with complex configurations, to the unresolved 
resonance regions, where giant resonance structures may be found. 

Based on the incorporation of photons into basic dispersion theory. Lane 
and Lynn [LL 60] recognized three components of the resonance capture cross 
section: the compound nucleus (or resonance internal), channel (or resonance 
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external), and direct capture (hard sphere potential and distant 
resonances). The last two components preferentially feed single particle 
final states. 

Resonant processes can be divided into valence, doorway, and statistical 
mechanisms (Fig. 2). In the entrance channel configuration, the valence neu
tron can undergo a radiative transition %d.thout perturbing the core. Radia
tive decay can also occur from the doorway configurations of a resonance, 
either by a partlcIe-hole annihilation or by particle transition in the pres
ence of an excited core. All other decay modes are grouped together under 
the heading of statistical interactions. 

Average capture cross sections can be calculated from the average reson
ance parameters or measured directly in low resolution measurements at keV 
neutron energies. These quantities play an important role in fast reactor 
design and stellar nucleosynthesis, and exhibit systematic mass dependences 
which are markedly affected by odd-even mass numbers and the magic neutron 
numbers. 

II. Photon Channels 

Early reaction theories deal only with particle channels. Lane and 
Thomas (LT 58] showed that photons were not Identical to particle channels, 
and employed perturbation theory, using the weak coupling of nucleons to the 
electromagnetic field. 

The radiative transition probability T between a resonance X in state <> 
and final state * is given by the perturbation theory expression [Hei 54]: 

. 2itdp 
<*|H'(A)|*> 

where H'(A) Is the electromagnetic perturbation operator written in terms of 
the vector potential A, and dp is the density of photon states within the 
solid angle dH. 

The photon width amplitude is related to the electromagnetic perturba
tion operator 

/•YJ,1/2 . ( 2 ^ //2 ^^,2 ^ ,^ * .^,j, 

AT ^ A 

In R-matrlx theory the states Xx are defined only for the internal 
region of configuration space (bounded by the channel radii ac) so that the 
elgenstates X^ can have a one-to-one correspondence with resonances; never
theless there is a contribution to the photon width amplitudes from the 
external region, r > a,.. 
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The contribution of the external region to the transition probability 
must be Included in evaluating the width in the equation above. The complete 
expression for the collision matrix element includes a sum of resonant and 
non-resonant components. 

U = U--HJ„_, 
CY R HS 

- i ( V * Y \ , a / 2 U / 2 
where U = l e I A F F^^, 

YP 

1/2 -2i(f) 
and u = ^ ^ r ( I - e ""O )H'*dT . 

HS , •' c c c 
Ti r =a 

c c 

The product of the photon width amplitude and phase factor is expressed as 
the sum of internal, open-external and closed-external amplitudes respective
ly, i.e.. 

-i<t, 
e 

^rJ/2 = _(2T,dp)^/2| I ̂ ^x*H'$ 

^ ^-1/2^ ^-i^c+^1/2^ dTH.0':H'. 
^ . c^ •' c^ c^ 
c^ r =a 

c+ c+ 

2M _a _ 1/2 " 0'_(r _) 
+ 1 ^ ^ Y, -/ d T _ - S l_<t._H'<&} 

c- lî  ^^ r _=a_ ^ 0'_(a _) ^ 
c c c c 

These expressions show not only that the radiation width includes contribu
tions from both open and closed channels in the external region (i.e., chan
nel capture), but also that the capture amplitude includes a non-resonance 
part Uyg analogous to the potential scattering contribution to the elastic 
scattering amplitude. 

In the semi-classical theory of radiation, the perturbation Hamiltonian 
can be written in terms of the canonical momenta, "p - eA/c, of the interact
ing particles. The complete expression for a system of A nucleons, written 
in a way so as to suppress the translational mode of the center of mass of 
the system, is as follows: 
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H'(A) - (4AMJ-^ I 1 1 . - 4 - ^ A(r)+ — A(r )}2 
J.k ^ c J c ^ 

+ V- ( ^ 
2M 
c 

) J]li.(£. "Curl V ) 

2 
This operator is linearized by dropping terms of the order of A , which 

is equivalent to consider the interaction in terms of a single photon; the 
last term above describes the interaction of the intrinsic magnetic moments 
of the nucleus. The electromagnetic field is expanded into its various 
multipoles and the nultipoles can be divided into two groups. 

(a) parity (-)^; these are electric raultlpole operators (because they 
arise mainly from the charge terms); 

(b) parity (-)̂ '*"̂ ; magnetic nultipole operators (because of the con
tribution from the magnetic moments). 

The components of the electromagnetic perturbation operator are propor
tional to Irreducible tensor operators denoted by Hpftf where T denotes the 
parity. 

Thus the partial radiation amplitude for a photon channel with multipol-
arlty LM (in which the photon carries L units of angular momentum and M units 
of angular momentum projection on the z axis) is 

,/2 (8^)l^/2^L.l)l/2 ^ ^ 

^X(YLM) • — ^XJmhTMl^pj'm'^ 
L^' (2L+1)!I 

for the transition from a state X with angular momentum J and Z-proJection m 
to a final state u with angular momentum J' and projection m'. 

In M^h component HTM' ^^^ general subscript T has to be specialized 
to either electric or magnetic radiation according to the parity difference 
(-1)^ or (-1)̂ +1 respectively, of the initial or final state. 

In the long wave length approximation (kya « 1), forms of the opera
tor H^xM *or El *"<• ̂  transitions (for Ey < 10 MeV) are 

H' - [ r. Y^(9. ,•. ) 
E-l J- k u k'^k 

c 
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Practical experience has shown that for neutron capture only El and Ml 
multipoles are of any importance; only a few E2 transitions have been 
observed, and no M2 or other multipole orders have ever been detected. 

To carry this discussion further we must provide some prescription to 
evaluate the photon widths. The electromagnetic operator is well known; the 
nuclear wave functions are not known, particularly at the excitation energy 
required. Nevertheless there are certain simplifying assumptions that can be 
made to arrive at width distributions and systematics. Some of these are 
discussed below. 

III. THE STATISTICAL THEORY 

The foundation of the statistical model is expressed in the Bohr condi
tion [Boh 36] that the lifetime of an excited state is much longer than the 
time required for a nucleon to orbit the nucleus. The probability of forming 
the excited state E^ in channel c is therefore independent of the probabil
ity of decay in channel c'. 

The reaction cross section is expressed in terms of the collision matrix 
U^c' which contains the R-matrlx expression. 

cc' 
^Xc^Xc' 

\-^ 

The resonance wave functions X> are considered to be complicated, with 
only a small overlap with the channel wave functions, i.e. <X/c> « 10" to 
10" . In the approximation the YXc can be considered as random variable. 

The fundamental assumptions of the statistical model are: 

(a) YXc '̂̂'̂  "YXc' have random signs such that ^\ TXclf'Xc' ~ ^' 

(b) YXc ^^^ ^Xc' *^® independent and uncorrelated such that the 
linear correlation coefficient is zero, i.e., p(Yxc> YXc') ~ ̂ * 

(c) The strength function for channel c is independent of energy over 
the range AE, i.e., 1/AE Ix y \c = constant. 

Because Yxc ^^ ^^^ coupling amplitude of entrance channel c with the 
resonance state at energy Ex, the above assumptions imply that the statis
tical properties of the exit channel c' contain no 'memory' of the entrance 
channel amplitude. 

To evaluate the partial radiative width, under these assumptions, one 
can adopt the "black" nucleus picture of Blatt & Weisskopf [BW 52]; for a 
spinless particle in a bound S-state, the El transition width to a low-lying 
P state is 
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I6i!k̂  
r^ - I |<J-0||Y^||J-1> {<e> /̂  dr r UQ (r)ui(r)}' 

where <e> is the effective charge of a particle in a system of particles (for 
a neutron <e> " -Z/A e; proton <e> - N/A e). The photon wave number is ky 
• Ey/ftc. 

In the statistical model the initial single particle state is dissolved 
among the compound nucleus states over an energy interval corresponding to 
the spacing of the single particle states, Dg. 

If the radial wave functions are assumed uniform within the nuclear 
radius (a) and zero outside, an estimate of the integral above is 

] dr r uo(r)ui(r) • 3a/4 ; hence 

r. - 3/4 <e^> (E /fic)^ a^<D >/D 
XYP Y O S 

for an electric dipole transition of energy Ey to a p-wave single particle 
state. This width is further reduced if the p-wave single particle state is 
diluted over many low-lying states u. The estimate for F^yp above is to be 
understood as an average value; the actual Fxyn exhibited by fine structure 
resonances will fluctuate about the average. Abundant experimental evidence 
confirms the expectations of the statistical model that this fluctuations is 
adequately described by the Porter-Thomas distribution; i.e., a chi-square 
distribution with one degree of freedom. 

The intensity of primary El radiation from thermal neutron capture, 
fl(EY)dEy, in the Y-ray energy interval Ey to Ey-hiEy, is obtained 
by multiplying 1.70 by the level density of p-wave states, i.e., 

1 9 ^ 9 1 P^^rh"^v^ 
f l(E )dE - i <eS (E^/ficy â  • HH-JL dÊ , 

* D^ p(E^.) ^ 
s th 

where D^ - l/p^Z^^^) and E^h is the total energy of the thermal capture 
reaction (i.e., binding energy), and p(E(h~EY^ ^° ^̂ ^ level density of 
states at the intermediate energy. 

The shape of the primary spectrum is dependent on the opposing E^y and 
pCEth-Ey) factors. For heavy nuclides a bell-shaped curve is observed, 
peaking about 2 to 3 MeV and decreasing rapidly at higher and lower Y~ray 
energies. These spectra cannot be compared directly with experimental 
results because of the presence of secondary and higher order cascade Y rays, 
as shown in Fig. 3. 
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T is 
The average total radiation width <ry> of resonances X with spin J 

just the sum of the average partial radiation widths <Ty^> to final states 

p with spin I, 

<r XJ) = I <ry,> 

J+l E 

1= J-1 

Cameron [Cam 59] has estimated average radiation widths as a function of mass 
number using a shell model form for the final state level density. These 
calculations predict the observed peaks in <ry> in the mass regions just 
below magic neutron numbers. Cameron's estimate of mean partial radiation 
width as a function of energy, mass number and level density is 

<F > = C 10-^ E^ (MeV) A^^^ D (eV) 
YU T 

where C = 0.33. 

Average radiation widths compiled by Bird et al. [Bir + 76] for reson
ances for nuclides from A = 19 to 243 are shown in Fig. 4. 

Some broad features of the data are immediately evident. s-wave radia
tion widths reach maximum values in the 40 £ A <̂  70 region (i.e., N = 20, 
28), A « 140 (N = 82) and A « 200 (N = 126). These regions correspond to 
peaks of the s-wave neutron strength function and occur when the 3s and 4s 
single particle states become unbound. A similar effect occurs for p-wave 
radiation widths, in the 2p and 3p mass regions (N = 14, 50). 

Clearly nuclear structure effects play an important role in determining 
average radiation widths. Level density effects are also important, because 
average radiation widths for odd-A target nuclides are substantially less 
than those for neighboring odd-N nuclides. However, the odd-A targets have 
radiation strength functions <F>/D which are much larger than the even-A tar
gets. Odd-Z, even-N targets have larger y-ray strength functions and odd-odd 
targets have the largest values of all. This is because the radiation widths 
vary slowly with mass number, while resonance spacings depend markedly on the 
position of the closed neutron shells. Consequently, radiative strength 
functions exhibit deep minima at the magic neutron numbers as well as odd-
even effects. 

There are large differences between s- and p-wave radiation widths in 
the 3s and 3p regions. In the 3s region s-wave widths are on average three 
times those observed for p-wave resonances. In the 3p region the situation 
is reversed. While large s- and p-wave radiation widths are associated with 
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peaks In the 3s and 3p neutron strength functions, s-wave widths in the 48 
region are not enhanced. The presence of low-lying single-particle states to 
which El transitions can proceed appears to be an important requirement. 
These occur Just above the magic neutron numbers at N •• 20, 28, 50 and 82, 
and have negative parity in the 3s and 4B regions and positive parity in the-
3p region. In the 3s and 4s regions, high energy El transitions from s-wave 
resonances will be much stronger than Ml transitions to the same final states 
from p-wave resonances. The statistical model will therefore predict in 
those cases a significant enhancement of s-wave radiation widths over p-wave 
radiation widths (AM 79]. Johnson has shown that the opposite occurs in the 
3p region [Joh 79]. 

IV. Departures from Statistical Capture 

As previously noted, the photon collision matrix elements can be separ
ated into internal and external parts (with respect to the nuclear radius), 
and the latter into resonant and non-resonant components, i.e., 

U - U(internal) + U(external) 

U(external) - U(re8onant) + U(non-resonant) 

These last terms are respectively called channel (or valence) capture and 
direct or potential capture, and represent the non-statistical part of the 
capture process in that they are dependent on the single particle strengths 

16„ 3 2 2 2 2 <Jx"^^^^"'^ >' 
r^^(Ch) . i ^ k^(2/a)2 ehli<e>an./ - 1 

9 ' " " *• 2Jĵ +l 

In resonant channel capture, the partial radiation width is Jointly pro
portional to the single particle strengths of the resonance and final states, 
and a manifestation of this effect is the observation of correlations between 
the reduced neutron widths (̂ ''Xn̂  *"^ partial radiative widths 
p(r̂ Xn>̂ Xiî » '^^ between the reduced partial radiative widths and the 
final state spectroscopic factors p(2J-fl)6 p>Fxy/Ey ). 

Non-Resonant Capture 

In the strong coupling model, there is no free motion of the neutron in 
the target nucleus. The neutron and radiation amplitudes have random signs, 
and the contribution of distant resonances is zero. Background capture 
results from hard sphere scattering alone in which the incident neutron Is 
scattered by the nuclear potential into a bound, single particle final 
state. The potential capture cross section Oyp(HS) barn for an El transi
tion to final state u is given by [LL 60]: 
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. (HS) = °:^. (1)'. e V ( ^ ) ' . 
'^^ a/E A ^ y+1 

n 

where E^ is the neutron energy in eV, a is the nuclear radius in fm; y = 
kpa and k^ is the neutron wave number for the single particle state bound 
by energy Ey, defined above. 

The hard sphere cross section is proportional to y or Ey. Since this 
cross section is proportional to 

k^[<0j DJIe >]^ , 
Y XI Ilu 

the dipole matrix element must be proportional to E~ . 

Kopecky et al. [SK 74, SK 76] have shown that direct capture occurs in 
the 3s region at thermal energies. The final state correlations between the 
(n,Y) and (d,p) cross sections are greatly Improved by the use of an Ey 
energy dependence for the radiative strength, rather than the usual E y 
factor, when nearby resonances have no influence on the cross section. 

In the intermediate coupling model, single particle motion of the inci
dent neutron is assumed to persist in the nucleus, the single particle effect 
is observed in the size resonances of the s- and p-wave neutron strength 
functions which occur close to the zero binding of single particle neutron 
levels. 

In the intermediate coupling model, a contribution to the potential or 
non-resonant collision matrix element arises from the tails of distant reson
ances, i.e., 

U(P) = U(HS) + U(DR). 

The distant resonance component U(DR) is normally zero owing to the ran
dom nature of the sign and magnitude of the partial radiation width ampli
tudes, as predicted by the statistical model. But when channel capture is 
dominant, the amplitudes can add coherently. 

The mass dependence of the non-resonant capture cross section in the 3s 
and 4s regions has been obtained from calculations using R-matrix theory with 
intermediate coupling [LL 60] and, more recently, using optical and shell 
model formulations of the valence model [CM 75, Cug 76], In the 3s region at 
thermal energy, a? peaks at 0.9 barn for A « 52, dropping sharply to zero 
at A « 58 and recovering to a second maximum of 0.3 barn at A « 67 (Fig. 6). 
A similar pattern is found in the 4s region with peaks at A == 150 and 195, 
and a minimum at A >= 170. These results were obtained with an imaginary 
potential WQ = 3.30 MeV and are sensitive to variations in this quantity. 
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Examples of nuclides showing potential capture are Te and Xe, as shown 
in Fig. 5 [MC 79). 

Valence Capture 

First formulated by Lane and Lynn [LL 60), and demonstrated experiment
ally by Mughabghab et al. [Mug +71], the valence model describes the change 
of state of the Incident neutron in the entrance channel by the emission of 
dipole radiation in the field of a spectator target. 

The partial radiative width for an El transition from resonance X to 
final state w is given by [Lyn 68] 

, ._|K l''x"x>|K'll«u'\'> 
^" 9 <2Jĵ +l) 

where ky is the photon wave number, and Hg is the electric dipole 
operator D. 

The basis functions x c^n be expanded in terms of radial wave functions 
for a set of single particle states defined in the spin-orbit coupling 
scheme. Neglecting core transitions [Lan 59], the partial valence radiative 
width becomes 

i6sk^ kj'i JJIY^^^IIJ-I I >| 
Xg o X wl ^ X Ul 

2J^-H 

where 8 x>^ y *''̂  ^^^ dimensions reduced widths of the resonance and 
final state, Sx - Fxn [2kRP£ry]" , where V^ is the Wigner single 
particle limit, R the nuclear radius and Pĵ  the penetrability; 6 ̂  is the 
(d,p) spectroscopic factor; ux,u^ are the resonance and final state 
single particle radial wave functions, and <e> is an effective charge equal 
to Z/A times the electron charge. 

For a zero spin target (Ig - 0), the angular part of the matrix ele
ment for a transition from the initial state (Jx»J'^') to ^^^ final state 
(Jw» J".*") becomes 

2 - ( 2 j + i ) p ' y M̂ (l+(-l/'**""''l . 
4ir ** 1-1/2 1/2 

The valence model can be formulated in terms of optical model parameters 
as first pointed out by Lane and Mughabghab [IM 74]. Done in this way, the 
valence model avoids the problem of wave function normalization which occurs 
for an unbound state. 
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Im<u (DIU (opt)> 2 

Im tan6(opt) 

where Uy is the final state wave function and UE(opt) is the optical 
model initial state wave function at neutron energy E. The dipole operator 
is denoted by D and 6 (opt) is the optical model phase shift. Removing the 
energy dependence from F̂ n and explicitly showing the E y dependence, we 
obtain 

F^ = q. (E ) . EI • 9̂  . Z^/A^ • FJ 
Xy Xy n Xy y Xn 

where ^^Xn = ^n^^il'^^)" ®^ *^^ ^^^ reduced partial valence width 
qXn(En)(MeV)~ is an energy dependent parameter calculated from the opti
cal model and contains the radial integration and geometrical factors. In 
this formulation the energy dependence of the valence capture width is 
explicitly introduced with the qxy factor above. 

The valence process is expected to be important when the resonances (or 
initial states) have large reduced widths, corresponding to even-even target 
nuclides with large level spacings in the regions of the neutron strength 
function maxima; and when El transitions can excite final states with large 
spectroscopic factors which occur near closed neutron shells. 

The reduced partial valence widths (q) and El transitions from reson
ances with the appropriate (1,3) are calculated at thermal energies for s-, 
p- and d-wave capture assuming zero spin targets. These data are given in 
graphical form in Fig. 7 as a function of mass number. For non-zero spin 
targets, the reduced valence width is given by 

q(I ) = (2J +1)(2J +1) I ' \ ^Y . q(I =0). 
1̂  I T J " - ] ' Ot 

Since the valence process predominantly arises outside the nuclear rad
ius, the reduced valence widths are dependent on the variation with energy of 
the external part of the initial and final state wave functions. As the 
final state becomes more tightly bound, the external part decreases which 
results in a decrease in the dipole overlap integral. 

The dependence on the final state single particle binding energy has 
been investigated by observing the variation of the reduced valence width 
with changes in the central potential. A y-ray dependence of E-\ is 
observed, resulting in an overall Ê y dependence for valence transitions, 
in agreement with the prediction for channel capture. 
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The experimental confirmation of the marked energy dependence of q pre
dicted in the 38 and 48 regions is extremely difficult to achieve. A large 
energy range is required for nuclides which also exhibit a dominant valence 
effect. To date, an adequate check of the theory has been possible in Fe 
[All + 77a) where the capture data have been analyzed to 500 keV. 

Width Correlations and Doorway States 

Several authors have studied the underlying basis of width correlations 
in resonance neutron capture. Beer [Bee 69] used a two group expansion of 
the resonance wave function to account for the Porter-Thomas distribution of 
the reduced neutron widths, the narrow distributions of partial radiative 
widths and the correlations between reduced neutron and partial radiative 
widths, and between pairs of partial radiative widths. In the case of Tm, 
one group of orthogonal basis functions contained the single particle compon
ent of the neutron resonances, while the other contained a small number of 
doorway or collective states. 

Beer trent on to apply the projection operator formalism [Bee 71], using 
the doorway state assumption. The transition matrix is divided up into 
direct, semi-direct and compound nucleus terms, and the same doorways con
tributing to the semi-direct term are also involved in the resonance term. 
The partial radiative amplitude is expanded into single particle, doorway and 
statistical components and expressions are obtained for the correlation coef
ficients Pi(roxn.i'xy). pCrxy.rxyO and Pp(e^n,rxp/Ey^); 
(pj and pp are the initial and final state width correlations). The 
first two correlations are predicted to be unity if the resonance reaction 
proceeds through an Isolated radiative doorway state. 

Soloviev [Sol 74] expands the wave function into few quasi-particle com
ponents and notes that if these were considered as doorways, then a correla
tion between channels occurs for common doorways. In strongly deformed nuc
lides, large correlations should be expected between K-allowed transitions to 
the ground and low-lying quasi-particle rotational levels. 

A detailed treatment of doorway states and correlations has been 
developed by Lane [Lan 71]. Because of space limitations, we will not dis
cuss that treatment here. Suffice it to say that large and symmetric initial 
and final state correlations are expected in the case of a single doorway 
with two-quasiparticle character. If the doorway haa a particle-vibration 
character, the final state correlations will be reduced. When several over
lapping doorways are present, p^ is reduced by 1/n, where n is the number 
of doorways, but in the case of twoquasiparticle doorways, the final state 
correlations will remain large. 

V. AVERAGED CAPTURE CROSS SECTIONS AND WIDTHS 

Many capture cross section measurements do not have sufficient resolu
tion to resolve individual resonances, and instead provide data on the cap
ture cross section averaged over a finite energy range. It is of interest to 
observe the energy and mass dependence of average capture cross sections to 
obtain further information on the neutron capture mechanism, and to provide 
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data needed for reactor and astrophysieal calculations. The average cross 
section can be fitted by a formalism using average parameters for s-, p~ ^^^ 
d-wave resonances, obtained from high resolution measurements, and by taking 
into account competition with inelastic neutron scattering when this is ener
getically possible. Consequently, high resolution and average capture 
measurements provide complementary data. 

The role of fission products in the burnup of reactors is of great 
interest and, particularly for fast reactors, it is important to have system
atic capture cross section data available. Where no such measurements exist, 
theoretical or semi-empirical estimates can be made; these must be extrapo
lated from existing data. 

Summing over J and i , the average capture cross section can be written 
in the form: 

a(E) = 
2*2 

(21+1) j= 

J=|I+l/2 

I I (2J+l) 
1-1/2 J <D 

<hjM> 

xy 

1= j + j 
I 

A= j - j 
< ^ J > / < ^ J > 

S, 

when F » F, , F « F, , 
n Xy ' n X ' 

a(E) « Ij (2J+1) Sj^(E) 

where Sjy(E) = <Fxj(y)>/<Dxj> is the radiative strength function for 
spin state J. 

Where the symbols have their usual meanings and S is the fluctuation 
factor which is introduced to account for the correlation between partial and 
total widths when averaging the single-level Breit Wigner formula [LL 57]. 

The partial and total capture cross sections expected for an even target 
are shown in Fig. 8. The s-wave cross section varies as X^, (i.e., 1/E) and 
the £ > 0 cross sections increase with increasing penetrability at higher 
energies. Competition with higher order H waves and the decrease in X''' 
to a decrease in the cross sections. 

lead 

The observation of s- and p-wave size resonances reveals that single particle 
motion continues in the compound nucleus resonances. The definition of a 
Y-ray or photon strength function is most useful in investigating the role of 
single particle and giant dipole resonance models and other reaction mechan
isms. Unlike the neutron case, there are a number of photon strength 
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functions defined in the literature. Bartholomew and co-workers [Bar + 73] 
defined the Y-ray strength function, in analogy to the neutron strength 
function, to be 

<r«-> 

VN>- ^ 
Dj^(eV)E^*"*"^(MeV) 

This function is directly related [Lon 79] to the reduced transition proba
bility defined by Bohr and Mottelson [BM 69] 

B(E1) - y B(E1)* - 0.956 x 10^ f_, (E ) [e^fm^MevM 
A-1 MeV ^^ ^ 

B(M1) - I B(M1)* - 8.63 x 10^ f^ (E ) [eti/2Mc)^ MeVM 
A-1 MeV ^ ^ 

B(E2) - I B(E2)* - 1.25 x 10^^ f_-(E ) [e^fm'^MeV^] 
A-1 MeV ^^ ^ 

Blatt and Weisskopf [BW 52] assume a uniform distribution of single 
particle configurations to obtain these estimates. 

^ X Y U ( E I ) - 6.8 X 10-® E^ A^^^ D^D""^ 

^XYU(MI) - 2.1 X 10-® E^ D D-^ 
Y ^ 

^ X Y U ( E 2 ) - 5.9 X 10-^** E^ A*^^ D^^D-^ 

where Fy, Dx are in eV, E^, D are in MeV. It is assumed that the 
single particle strength is fragmented such that ^t/^i " I'sp/̂ sp* 
The single particle level spacing D was estimated at "0.5 MeV by Blatt and 
Weisskopf, but observations require this to be much larger, '•20 MeV. 
Bartholomew [Bar 61] used these estimates to define the dipole reduced widths 
and the following expression for photon strengths have been in common use 
since then: 
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^^^'^ = ̂yy ^h^y^'^-' 

k(Ml) = F̂  [D,EJ]-^ 
Xyy X y 

It was recognized by Axel [Axe 62] that the El giant resonance results 
in a redistribution of radiative strength in nuclei, and that a proper formu
lation of reduced widths should reflect that redistribution. An expression 
for the radiative strength function is readily developed from the Lorentzian 
expression for the photoabsorptlon cross section: 

^y(^>'^y> _4 NZe^ l+0.8x ^'GV' 

<D>(J ) 3Tr A -he M ĉ  (EJ-E^)^+F E^)^ 
^ y' y G G 

and the much quoted Axel approximation, evaluated at Ey «7 MeV, is 

r . T7 5 . 8/3 F 
-2}L («7 MeV,J ) = 2.2 X 10"^ ( _iL_ ) ( J - ) ( _ i l _ ). 
D ^ 7 MeV 100 5 MeV 

The commonly stated Brink hypothesis [Bri 55] is that the y-ray strength 
function for excited states is similar to that for the ground state. Thus 
the expression for the radiative strength valid only for ground state transi
tions is presumed by the hypothesis to be applicable also to transitions to 
excited states of the nucleus. The Axel expression is correspondingly used 
to produce the following form for the El photon strength function, 

S(E1) = <F. > [D.E^A^/^]-^ 
Xyy X y 

<S(E1)> « 6.1 X 10"^^ MeV"^ . 

The Weisskopf single particle model (SPM) predicts an A^/^ dependence 
and the Axel GDR parameterization an A^/^ dependence of the El strength 
function. A compilation of the dependence of El strengths has been presented 
by McCullagh, Stelts and Chrien [MSC 79]. Results from (n,y), (y,n) and 
(Y,y') measurements on discrete resonances were examined for about 50 data 
sets, with renormalization of some results to more recent values of absolute 
partial widths. The El A-dependence is compared to the predictions of the 
SPM and GDR. Results for the latter are shown in Fig. 10 where the solid and 
dashed lines indicate the unweighted average value and the Axel GDR predic
tion. (Note (Y,y') data are not included in the average because of their 
poor statistical accuracy.) Errors reflect the number of transitions con
tributing to each datum point. 
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The average ratio of observed and GDR strength functions is 0.69 ± 0.06, 
indicating that the GDR calculation overestimates the experimental data by 
about 30Z. 

Measurements of the energy dependence of the El strength function in the 
threshold region indicate that intermediate structure is superimposed on the 
tail of the giant electric dipole resonance (GDR). Data from (n,Y), (Y,n) 
and iy^t) reactions are shown in Fig. 11 for the compound nuclides "^^Tl, 
l04,2lIS',Z06.ĵ  [Ear + 76] and ^^®Au [Lon 79). With respect to the GDR 
extrapolation (dashed curve) a surplus of El strength is observed in TI at 
5 to 6 MeV. A maximum occurs in TI at the same energy, but with a marked 

198 deficit at lower energies. For Au, the strength function also peaks at 5 
to 6 MeV, but in general the El strength function is well below the GDR 
extrapolation. 

The structure at 5 to 6 MeV has been studied extensively and there is 
widespread support for its existence [Bar + 73]. It appears in (d,pY) and 
(n,Y) experiments in the 180 < A < 205 mass region (Fig. 12, for N - 82 
nuclides ( L a , *̂*̂ Pr) [AM 79), and in the 120 < A < 134 mass region [Sta 
64], at thermal, keV and MeV neutron energies. Its primary nature has been 
confirmed in many instances by observation of the shift in y-ray energy with 
incident neutron energy in the keV region. In spite of this, the gross 
structure remains independent of energy over several MeV. The fine structure 
comprising the anomalous bump has also been observed with high resolution 
Ge(Li) detectors [Ear + 72] in TI. The interpretation of this effect has 
been related to p-h components which have escaped elevation into the GDK. 
The structure is not, however, observed in inelastic neutron scattering 
experiments [Ber + 66] when the y-ray spectrum is basically statistical in 
character. 

The situation for Ml giant resonance influences on the observed Ml 
strengths in nuclei is far from clear, both experimentally and theoretically. 

For nuclides in the 100 < A < 180 region, the averaged resonance y-ray 
data [Bol 73] exhibit an energy dependence for Ml transitions which is simi
lar to the E y observed in the same mass range for El transitions. The 
ratio of average El and Ml radiation widths is found to be independent of 
mass number with an average value <rgx>/<rjj2> - 7 ± 1 for 110 < A < 240. 
There is no theoretical explanation for this observation. 

Kopecky [Kop 79] has extended the ratio data down to A - 20, using ther
mal data where non-statistical capture mechanisms may occur. These data are 
shown in Fig. 13 with errors derived from the Porter-Thomas statistics. The 
three dashed curves indicate the expected A dependences for the Weisskopf or 
single particle model (SPM); the SPM but using the empirical constants k(El) 
- 3 X 10"^, k(Ml) - 20 X 10"^; and the El Axel prediction divided by the 
single particle value for Ml (GDR). 

IV. Fast Neutron Capture 

For capture in the energy region above 1 MeV, the cross sections extrap
olated from lower energies or the basis of the compound-nucleus statistical 
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model are inadequate to explain the experimental data. The importance of 
direct excitations relative to compound nucleus formation becomes more and 
more important with increasing neutron energy. The best example is direct 
capture of a neutron into a single-particle orbit. We describe it as a one-
step reaction leaving the other nucleons unperturbed. Another example is the 
direct excitation of the giant dipole state caused by the incident neutron^ 
which at the same time is inelastically scattered into a bound single 
particle orbit. In the next step, the giant dipole state may deexcite by the 
emission of y-rays. This reaction is called "semidirect". It turns out that 
direct and semidirect reactions play a dominating role at neutron energies 
higher than about 5 MeV. 

The direct-semidirect and the compound nucleus models represent the 
extremes on the reaction-time scale. Nevertheless, with proper choice of 
parameters the models provide a reasonable description of the experimental 
data. We shall first discuss the direct-semidirect model in some detail. 

The driving force for polarizing the nucleus into a collective dipole 
vibration is provided by the symmetry potential, which expresses the fact 
that the force between neutron protons is, on the average, somewhat stronger 
than that between neutron and neutrons. Lane [Lan 62] has written the nuc
lear potential as. 

Vi + + 
V = V + -J- t • T. , 

o . A-1 

where t is the nucleon isospin and T̂ -̂̂  the Isospin of the rest of the nuc
leus. The first term is the usual central potential and the second is refer
red to as the symmetry or isospin term. VQ and V^ are the depths of the 
potentials which often are assumed to have the same radial dependence (Woods-
Saxon form). 

In the case where the nucleus is in the ground state, T • T̂ -̂̂  can be 
replaced by 1/2 t^ (N-Z) and one gets 

V = V + i t — V, 
° 2 " A ^ 

The size of V̂  can be inferred from the symmetry energy term in the 
semi-empirical mass formula, and it is approximately 100 MeV. For a heavy 
nucleus like Pb, the size of the polarizing term in the potential is about 
1/11(44)100 « 5 MeV. 

To see the effect of the symmetry potential, let us consider nucleon 
capture. The nucleon, in addition to the (isoscalar) potential VQ, is 
subject to a potential NV^/4A from the N target neutrons and ZVi/4A from the 
Z protons and these potentials have opposite signs. An incident neutron, for 
example, will by the action of the symmetry potential repel the N neutrons 
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and attract the 7. protons. Henr(>, there will be a polarizing force between 
the neutrons and the protons of the target nucleus as the incident nucleon 
approaches the nucleus. The force is parallel to the force on the incident 
nucleon. 

In nucleon capture, the symmetry potential is responsible for exciting 
simple, collective modes of motion in which the neutrons and protons move in 
opposite phases. The most important of these isovector (T-1) motions is the 
giant dipole resonance. 

The Direct-Semidirect Cross Section 

The symmetric force, in terms of the hydrodynamlcal model considered 
here, causes the neutron and proton spheres to separate, with a restoring 
force governed by the symmetry potential (Fig. 14). 

The cross section is proportional due to square of the radiative ampli
tude. 

where the term in parenthesis represents the enhancement of the radiative 
amplitude due to target polarization. 

The magnitude of C/x^ can be estimated using the classical equations 
for a forced harmonic oscillator driven by the force between the incident 
neutron and the nucleus, and the restoring force due to the symmetry force. 
Chie must include a damping term which describes the function between the 
oscillating spheres. The result is 

— _ _ n .̂ _ /Kn /m 

B^-E^ - IE r 
D Y Y 

where EQ is the giant dipole resonance energy, F the dipole width, and k a 
coupling constant. The constant can be evaluated from considering the 
spacing between single particle levels, EQ, and the neutron-proton residual 
interaction. The results are 

T - Tj (1 - ^-2. 
E -E -ir/2 
D Y 
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and finally, since the cross section is proportional to the square of the 
amplitude. 

dsd d|. AE 
a = a 1-

E -E -iF/2 
D y 

where AE = Ep - EQ. 
rt n Q ? fl Q 

To illustrate the results let us consider the reaction Pb(n,y) Pb, 
i.e. with the 2g9/2 ground state as the final state. The parameters of the 
giant dipole resonance, EQ = 13.42 MeV, F = 4.05 MeV, are taken from exper
imental data. The neutron binding energy is 3.94 MeV. The results in Fig. 
15 show not only the direct-semidirect cross section, oOsd^ but also the 
part which is due to the polarization charge. The latter is referred to as 
the semidirect cross section, a^d. yg notice that â d exhibits a symmet
ric resonance shape. On the other hand a^^^ is asymmetric around the 
resonance energy, E^ = 9.5 MeV. The asymmetry arises because the direct 
and semidirect amplitudes, rather than cross sections, are added. The abso
lute square of the amplitudes contains a cross term which subtracts (destruc
tive interference) from the quantity a^^ + a^^^ below the giant dipole 
resonance. Above the peak of the resonance the Interference is constructive. 

The derivation outlined above is carried out using a classical approach, 
but also may be derived quantum-mechanlcally, as shown by Brown [Bro 64]. 
The results may be modified to include the isospin splitting of the giant 
resonance [AF 71, FG 70], and may be extended to deformed nuclei [BJ 72]. 

More discussion is appropriate to the role of the coupling constant 
which multiplies the semi-direct component of the DSD cross section. 
In the classical derivation of the semidirect cross section we found that the 
incident neutron, by the action of the symmetry potential, forces a separa
tion of the target neutrons from the protons. Moreover, we adopted the 
Goldhaber-Teller model to picture the giant dipole resonance as an oscilla
tion of neutron and proton spheres against each other. If we let Ui(r) 
denote the symmetry potential, then this model leads to a coupling which is 
proportional to dUi(r)/dr [CLR 65, Sat 72]. Alternatively, if one adopts the 
Jensen-Steinwedel model to describe the dipole resonance, one obtains a coup
ling function proportional to rUi(r) [Sat 72, LS 72, Pot 73]. A microscopic 
derivation of the semidirect cross section [Zim 70] results in a coupling in 
which the dominating term also is of volume form, rUi(r). 

The symmetry potential, Ui(r), must in the general case be assumed to be 
complex [Sat 71] even though the understanding of the imaginary term is not 
as obvious as for the central (spin and isospin independent) optical poten
tial, UQ. The radial dependence of Ui(r) is uncertain. Usually it is 
assumed that the real part has the same form as the central real potential 
but it has been suggested [TS 63, Sat 72] that the potential may be peaked at 
the nuclear surface. 
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In the model employed by Potokar [Pot 73], the symmetry potential is 
assumed to be 

Ui(r) - Vif(r) - 1 Wi 4a df(r)/dr 

where V^ and W^ are the depths of the real and imaginary parts of the poten
tial. The Woods-Saxon form 

f(r) - (1 - exp l:^)'^ 

is usually taken to be the same for the real and Imaginary terms, for simpli
city. In the general case one should assume a different form for the imagin
ary term. 

Giant resonances are highly collective modes of excitation which can be 
described in simple models like the hydrodynamlcal model. The giant dipole 
mode is only one form of oscillation that can occur in a nucleus. Another 
form tihich is well established is the quadrupole oscillation where the shape 
of the nucleus oscillates from prolate to oblate. Still higher order forms 
of nuclear shape oscillations are octupole and hexadecapole. The lowest 
form, which is of particular interest with regard to the nuclear compressi
bility, is the raonopole oscillation described as a "breathing" mode. 

The direct-semidirect model has been extended to include the excitation 
of other giant multipole resonances by applying the same formalism as for El 
transitions. The results of calculations for various multipoles (Pot 76, SLG 
78, SG 78, SPG 79] indicate that the effect of the quadrupole resonance would 
be appreciable in the angular distribution of the y rays. The interference 
between radiation of opposite parity, in this case E1-E2, causes a fore-aft 
asymmetry which is expected to be very large near the isovector E2 resonance 
predicted at EQ " 120 A-^'^ MeV. (The isovector mode is characterized by 
an oscillation of neutrons and protons in opposite phases.) The as3nmiietry 
should also be observable near the isoscalar (when neutrons and protons move 
in phase) E2 resonance at EQ ̂  63 A"^'^ MeV. 

The experimental studies to search for the giant multipole resonances 
and to explore their properties involve many different kinds of reactions. 
Neutron capture reactions may also be used in these studies, particularly 
when polarized neutron sources are available, and the spin-depend effects may 
be investigated. 

Experimental Results 

Experiments on fast neutron capture include measurements of y-ray spec
tra, partial cross sections for y rays to individual states, angular distri
butions of Y rays and total capture cross sections by the activation method. 
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The measurements cover a neutron energy range up to about 15 MeV. Extension 
to still higher energies is in progress. 

The measurements of y-ray spectra offer an attractive possibility to 
gain insight into capture reaction processes. For example, one of the char
acteristics of a direct-semidirect reaction is that y-ray transitions take 
place to single-particle states; e.g. the intensity of the y ray is propor
tional to the spectroscopic factor. Compound-nucleus processes, at the other 
extreme, are non-selective. The resulting y-ray spectra rather reflect the 
energy dependence of the total density of levels. 

2 08 
Three of the partial cross sections for neutron capture in Pb are 

shown in fig. 16, namely for the g9/2 ground state, the ill/2 first 
excited state and the g7/2 + d^/2 states at 2.49 and 2.54 MeV, respec
tively [Ber 72]. All of them exhibit the resonance structure predicted by 
the directsemidirect model. It was noted in the preceding section that the 
cross section for ground state y rays in Pb would be expected to have its 
maximum at E^ = 9.5 MeV. The cross section for capture into each of the 
other single-particle states should peak at a neutron energy shifted upwards 
by the excitation energy of the state. Thus, we would expect the maximum 
cross-section for the in/2 state to occur at E^ = 10.3 MeV and for the 
67/2 ••" **3/2 states at Ejj = 12.0 MeV. The results are compatible with 
the Brink hypothesis [Bri 55] which prescribes that a giant dipole resonance 
is built on each excited state and that it has the same shape and magnitude 
as the one built on the ground state. The present results show that this is 
valid for the neutron single-particle states in Pb. 

20 8 Comparison with theoretical predictions for neutron capture by Pb was 
first made with a surface-peaked coupling function [CLR 65]. We show in 
fig. 16 the direct-semidirect cross section obtained with this coupling 
function and a strength V̂  = 160 MeV of the symmetry potential (solid 
curves). Despite the rather high strength value, the calculated cross sec
tions are too low and, furthermore, there Is a disturbing discrepancy in the 
neutron energy dependences. A much better description of the data is 
obtained with a complex coupling function. The results (dashed curves) are 
taken from a calculation [Pot 73] with Vi = 70 MeV and Wi = 140 MeV. 

The importance of direct and semidirect reactions in other nuclei can be 
estimated from fig. 17, which displays the partial cross sections for ground 
state y rays in several nuclei (in the cases of ^^S and ^^Y also the first 
excited states are included in the cross sections). The results show that 
semidirect reactions are prominent in nuclei down to calcium. However, the 
contribution of direct-semidirect reactions in silicon is expected to be low 
in comparison with other reactions. It is obvious from the figure that 
compound nucleus reactions may play a significant role in sulfur and 
silicon. In these nuclei one should also expect structure due to reactions 
through single-particle doorway states [MC 78]. 

The success of the complex coupling model in describing the energy 
variation of the partial cross section is clear from the above figures, but 
the large imaginary potential, from 100 to 150 MeV required to fit the data 
is worthy of special mention. 
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The real coupling results in an interference between the direct and 
semidirect amplitudes which is destructive on the low-energy side of the 
giant resonance and constructive on the high-energy side. The effect of the 
imaginary term of the complex coupling is to restore the more symmetric 
resonance shape of the cross section. The problem is that the theoretical 
cross section, obtained with the large W^-values, is dominated by the imagin
ary part of the coupling [Ber +78). 

The physical interpretation of the imaginary part of the coupling is 
that it describes the indirect excitation of the giant dipole resonance 
through more complicated reaction sequences than the polarization effect 
accounted for by the real term. These reaction sequences are probably typi
cal only for capture reactions and, hence, the W^-values applicable to these 
reactions may be quite different from those derived from other reactions. It 
is surprising that indirect excitations seem to dominate the scene for heavy 
nuclei. At present, it is an open question whether the large W^-values 
reflect deficiencies in the direct-semidirect model or contributions from 
other reaction modes for the excitation of the giant dipole resonance. 
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Fig. 14 Scheaatlc representation of the target polarization due to an 
incident neutron. 

g 

Fig. 15 Predicted shapes for the semidirect, o"<*, and dlrect-senl-
.dsd .209, direct, o " ° , cross sections of Pb(n,Y) Pb. 
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Discussion 

COMMENT: S. Mughabghab 
I would like to stress that the hard sphere term is only a part of the 
direct capture term. The full direct capture term includes a contribution 
from the tail of distant resonances. The full simplified expression is 
given, for example, in our paper presented at the Third (n,Y) Conference 
held at Brookhaven. 

QUESTION: R. Block 
A very mundane question - how accurately can one now calculate fast capture 
cross sections, for example, fission products? 
ANSWER: R. Chrien 
This type of calculation always involves extrapolation from a known base of 
experimental data. In this case the known data lie in the valley of stability; 
the unknown cross sections refer to nuclides off the valley. It is disturbing 
to note that extrapolations of binding energies or nuclear mass formulas, do 
not work particularly well far from stability. 

QUESTION: R. Schenter 
In calculating wave functions in the nuclear interior did you use the usual 
phenomenological local optical model potentials? It has been shown from 
microscopic models that the wave function is "damped" in the nuclear interior 
from that given by an equivalent local potential. Also phenomenological 
nonlocal optical-model potentials show this feature ("Perey Effect"). 
ANSWER: R. Chrien 
As far as I know only local phenomenological potentials have been used. I 
am not sure how important nonlocal effects would be. 

QUESTION: G. Rohr 
What is the experimental evidence for valence nuclear transitions in the 
3s-region? 
ANSWER: R. Chrien 
Perhaps the most evidence comes from the Australian group of Allen and his 
collaborators, for example in ̂ '*Fe. 

S. Mughabghab: 
There are some nice cases in the 3s region, not so much looking for correlations 
but particular resonances (for example ^°Cr, ̂ ^Fe) and calculating the 
magnitude. The agreement with calculations is very good. 

R. Chrien: 
You have cases where it seems to be valance and some where its not, so it is 
difficult to judge. 



57 

EAST NEUnON CAPTURE MECHANISMS FOR NEUTRON 
QJESCIES BEHMEEH 0 .5 AM) 6 .0 MeV 

by 

S. Joly, G. CSrenier and J. Vbignler 
Service de Physique Neutronique et Nucliaire 

Centre d'Etudes de Bruyirea-le-CMtel 
B.P. N" 561 

92S42 MONTROUGE CEDEX, France 

Abstract 

Capture cross sections below 3 MeV are known to be 
mainly due to the compound-nucleus (CN) process. On 
the other hand, the direct and semi-direct (DSD) 
mechanisns were introduced to account for the exci
tation functions observed at higher energies, in the 
region of the giant dipole resonance (GDR). However, 
there are very few measurements in the region bet
ween 0.5 and 6.0 MeV. Data in this range are Impor
tant as they help in deducing the strength of the 
complex particle-vibration coupling in the DSD model 
as well as restricting parameter variations involved 
in the CN calculations. gg 
We present results obtained for the Y(n,Y *y.) and 
208pb(n,Y ) reactions. ° ^ 

I. Introduction 

The DSD model has been found to be fairly successful in describing the 
observed cross sections in the region of the GDR [I]. However, the strength 
Wj of the Imaginary coupling necessary to have a good fit with the data is 
larger than that found in typical optical potentials. The Pure Resonance 
(PR) model introduced later [2] is much less sensitive to the coupling form 
factor. A large contribution from compound-nucleus processes in the low-
energy part of the GDR would result in a reduction of the strength W^. It is 
thus of Importance to measure cross sections in the region between O.S and 
6.0 MeV. The CN process is predominant in the low-energy part of this region 
whereas CN and DSD processes are contributing by about the same amount around 
6.0 MeV. A better estimate of the CN contribution should be possible in the 
region around 6.0 MeV and, consequently, the Wj-strength could be deduced 
with a better confidence. 
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Another i n t e r e s t i n g ques t ion concerns the e x c i t a t i o n of g i a n t r e s o 
nances a p a r t from t h e wel l known GDR ; for the r eg ion of i n t e r e s t t he se a r e 
the g i a n t magnetic d i p o l e (GMR) and t h e i s o s c a l a r component of the g i a n t 
quadrupole (GQR). However, the e x c i t a t i o n of the GDR i s so l a r g e t h a t a 
p o s s i b l e e x c i t a t i o n of t he se resonances could be observed only through the 
i n t e r f e r e n c e wi th the El r a d i a t i o n caus ing forward-backward asymmetr ies . 

Cross s e c t i o n and angula r d i s t r i b u t i o n measurements in t h e 0 .5 to 6.0 
MeV range a r e very d i f f i c u l t fo r s e v e r a l r easons : i ) the c a p t u r e c r o s s sec
t i o n d e c r e a s e s to a minimum around 5.0 MeV, i i ) because of the low D(d,n) 
r e a c t i o n c r o s s s e c t i o n the neu t ron f lux i s f a i r l y small and, i i i ) f i n a l l y , 
the 6.8 MeV y - r ay from thermal and slow neu t ron c a p t u r e in the Nal c r y s t a l 
d i s t u r b s the h igh-energy p a r t of the measured p u l s e - h e i g h t d i s t r i b u t i o n . 

89 
„^„ We r e p o r t here on the r e s u l t s ob ta ined for the Y(n,yQ+y]^) and 

Pb(n,yQ) r e a c t i o n c r o s s s e c t i o n measurements a s wel l a s asymmetry f a c t o r 
measurements in the ^^^Pb(n,yo) r e a c t i o n a t 3.8 and 5.9 MeV. These e x p e r i 
ments have been made in c o l l a b o r a t i o n wi th Leif Ni l s son and coworkers from 
Uppsala. 

I I . Ebq^eriments 

The exper imenta l c o n d i t i o n s a r e desc r ibed in ano ther c o n t r i b u t i o n to 
t h i s Meeting. Measurements of the Y(n,Yo+Yi) c r o s s s e c t i o n have been p e r 
formed a t B r u y e r e s - l e - C h a t e l for neu t ron e n e r g i e s between 0.5 and 3.0 MeV. 
The sample was a c y l i n d e r 4 .8 cm in d iameter and 1.6 cm in t h i c k n e s s made of 
e lementa l y t t r i u m . Because of the 202 keV d i f f e r e n c e between the y^ and yi 
t r a n s i t i o n s , they cannot be sepa ra ted us ing a Nal y - r a y d e t e c t o r and a r e 
considered toge the r in the t h e o r e t i c a l c a l c u l a t i o n s a s well [ 3 ] . The c r o s s 
s e c t i o n s ob ta ined for the c a p t u r e to the 2 d5/2 g r o u n d - s t a t e doub le t in ^°Y 
a r e presen ted in f l g . l along wi th p rev ious da ta [ 4 ] . 

The Pb(n,yQ) c r o s s s e c t i o n was measured from 0.8 to 5.9 MeV. The 
lead sample, enr iched a t 98.7% in ^^^?h, was a c y l i n d e r 3.9 cm in he igh t and 
3.5 cm in d iameter wi th i t s v e r t i c a l a x i s a t 8.3 cm from the t a r g e t . The 
a n g l e - i n t e g r a t e d c a p t u r e c r o s s s e c t i o n s for the y - r a y t r a n s i t i o n to t h e g9/2 
g r o u n d - s t a t e l e v e l of 2°^Pb a r e p r e sen t ed in f i g . 2 and compared wi th p r e v i 
ous da ta in the GDR reg ion [ 5 ] . Around 6.0 MeV t h e agreement between t h e two 
s e t s of da ta i s q u i t e good. 

I I I . Cotpound-nucleus calculations 

According to the compound-nucleus model, the neu t ron r a d i a t i v e c a p t u r e 
c ro s s s e c t i o n a{n,yf) for t r a n s i t i o n s to a f i n a l s t a t e f can be expressed 
by : 

a(n,y ) = Z a. T , . / Z . T . 
I \ X yXf / i 1 
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where o;̂  i s the cros s s e c t i o n for the formation of the compound s ta t e X, 
TyXf Is the transmission c o e f f i c i e n t for the y - t r a n s i t l o n from the compound 
s ta t e X to the f i n a l s t a t e f and T^ represents the transmission c o e f f i c i e n t 
associated to each open channel. At the considered neutron energ i e s , only 
neutron, proton and a - p a r t l c l e channels are open. These transmission c o e f f i 
c i e n t s are ca l cu la ted by means of an o p t i c a l model code using op t i ca l model 
parameters found in the l i t e r a t u r e . The y-ray transmission c o e f f i c i e n t i s 
obtained using the y-ray s trength function deduced from photo-absorption 
cross s ec t ion data. The y-ray s trength function deduced from the capture 
energy d i s t r i b u t i o n by means of the spectrum f i t t i n g method [6] can a l so be 
used when p o s s i b l e . Generally, exc i t ed s t a t e s in the res idual n u c l e i , and 
their c h a r a c t e r i s t i c s , are not known except for the low e x c i t a t i o n energy 
region and we have to r e l y on l e v e l d e n s i t y es t imates thus introducing uncer
t a i n t i e s in compound-nucleus c a l c u l a t i o n s . Moreover, d i f f erent expressions 
are poss ib l e for the c a l c u l a t i o n of the e l a s t i c enhancement factor [7] which 
i s d i f f i c u l e to es t imate for the ^^^Pb(n,YQ) react ion at low neutron energies 
where few channels are open. 

- . The r e s u l t s of these c a l c u l a t i o n s are presented in f i g s < l - 2 , for the 
Y(n,Yo+Yi) and ^®®Pb(n,Yo) r e a c t i o n s , r e s p e c t i v e l y . The agreement between 

calculated and observed cross s e c t i o n s i s not that bad with regards to the 
uncerta int ies quoted prev ious ly . 

IV. DSD cedcu la t lons 

In the DSD model the react ion amplitude i s given by the sum of the 
direct and semi-d irect (or c o l l e c t i v e ) processes . The t r a n s i t i o n amplitude 
for capture of the incident neutron from the continuum optical-model s t a t e 
IXp * to the s i n g l e - p a r t i c l e s t a t e |*p „ > can be wri t ten in the form : 

Y R 2 'R 

where M represents the single-particle multipole operator and V the form 
factor for the excitation of the giant resonance with excitation energy E|̂  
and width r|̂. The introduction of an imaginary term in the form factor gives 
the symmetry of the calculated excitation functions [I]. In figs. I and 2 are 
presented the results of the DSD calculations for the ^̂ Y(n,YQ-*-Yp and 
^°®Pb(n,Yo) reactions : the solid line represents the sum of the CN and DSD 
calculations. For the ^^(n,YQ+Yi) reaction, a good agreement with the data 
is obtained with a real strength V^ - 75 MeV and an imaginary strength W^ » 
110 MeV. The same real strength was kept for the ^°^Pb(n,Yo) reaction but a 
larger value W^ * 140 MeV of the imaginary coupling tern was necessary to 
reproduce the shape and the magnitude of the data. Unfortunately, the DSD 
calculated cross sections are also strongly dependent on the optical-model 
parameters used to generate the continuum wave functions. This, in turn, 
affects the strength of the deduced Imaginary coupling term. 

The possible excitation of the Ml and IVGQR resonances was investigated 
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in the 2°^Pb(n,yo) reaction by means of the DSD calculations. The asymmetry 
factor, defined as the ratio between the difference and the sum of the 
forward and backward yields, was measured at 3.8 and 5.9 MeV energies where 
strong effects, if any, should show up according to DSD predictions [8]. Non 
zero values have been obtained [9] but several objections can be made to the 
DSD calculations. As can be seen from fig. 2, the DSD contribution in the re
gion below 6.0 MeV is small compared to the CN contribution which should be 
subtracted first before comparison. On the other hand, interference between 
direct and statistical mechanisms may modify the predictions. As far as the 
Ml resonance is concerned, only fragments have been observed in heavy nuclei 
and it is not easy to define its characteristics (strength, energy and width). 

V. Conclusion 

Fast neutron capture cross section measurements in the neutron energy 
range from 0.5 to 6.0 MeV, combined with previous data in the GDR region, 
have shown the relative contribution of the compound-nucleus and direct semi-
direct mechanisms. These are very difficult experiments and an accuracy 
better than 20% would not be easy to get. 

Several problems remain to be worked out in the different models. We 
have seen that statistical calculations were very sensitive to level-density 
estimates, transmission coefficients (particles and y-rays as well) and to 
the level width correction factor. The PR model was introduced to cover up 
some of the main objections to the DSD model (sensitivity to the optical-
model parameters and to the imaginary coupling Wi). The good results obtained 
with this model suggest its preferential use for cross section estimates in 
the GDR region. Finally, further work is necessary to study the interference 
between direct and compound-nucleus contributions. 
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T T 

FIG. I - Comparison between compound-nucleus (CN) and d i r e c t - s e m i - d i r e c t 
(DSD) c a l c u l a t i o n s with observed cross s e c t i o n s tor the ' ^\<n, •^•*-, ^) 
react lon . 

FIG. 2 - Comparison between CN and DSD c a l c u l a t i o n s with observed cross sec
t i o n s for the "-''Pb(n,7o) reac t ion . 
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Discussion 

QUESTION: R. Chrien 
Has the use of bismuth germanated detectors (BGO) for high-energy capture 
y-ray measurements been contemplated? 
ANSWER: S. Joly 
Yes, people in Los Alamos and in Oak Ridge are starting to use BGO for fast-
neutron capture experiments as these detectors offer advantages over Nal 
crystals. 

QUESTION: A. B. Smith 
Do you have any evidence as to the energy-dependence of the iso-vector 
potential? 
ANSWER: S. Joly 
In the calculations we used an energy independent potential. However, in 
order to get good agreement with experiment, one has to assume the imaginary 
part of the potential to be relatively large so that it dominates which is 
puzzling. Even if one had allowed the potential to vary substantially with 
energy, it's likely that a large value of the imaginary part of the potential 
would have been necessary as well. 

QUESTION: H. Gruppelaar 
Your calculation only gives the partial capture cross section. How difficult 
it it to calculate total capture cross sections with the direct - semi-
direct theory? 
ANSWER: S. Joly 
These calculations are possible for total capture cross sections as well as 
for spectroscopic factors when all bound states are known which is normally 
not the case except for nuclei near closed shells. 
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Abstract 

Threshold photoneutron measurements of the reaction 
Mo(Y,n ) were carried out in the neutron-energy 

interval 50-300 keV. Gamma-rays were obtained by 
bremsstrahlung of electrons accelerated by a low-en
ergy linac; neutron energy was measured by time-of-
flight. The cross-section is obtained by calibration 
with known ^'"Pb(Y,n) resonances. An estimate of 
the electric dipole average gamma strength is deduced. 

The threshold photoneutron technique was applied for a determination of 
the electric dipole ganma strength at about 7.5 MeV in the nucleus '^Mo, for 
which no previous measurement was available in the literature. 

The measured quantity is the cross-section for the (Y,n ) process, in 
which a gamma-ray with energy above the neutron threshold is absorbed by the 
target nucleus, and a neutron is emitted, leaving the residual nucleus in its 
ground state. Such a cross-section is related to the gamma strength <r /D> 
through the equation 

r r 
a (E ) - 2 TT̂  ^ M g — - ^ ) (1) 
Y,n' Y ^ r D 

where Ty is the width of the gamma transition between the ground state and 
the level at excitation E of the target, and the other symbols have the 
usual meaning. ^ 

In the measurement, Oy (Ey) is determined by time-of-flight spectrome
try of the emitted neutrons. Ganma-rays incident on the target were obtained 
by bremsstrahlung of 7.8 MeV electrons issued by a low-energy linear accelera
tor. Electron pulses had a peak current of 3 A, a width of 6 ns and a repeti
tion frequency of 650 Hz. The target consisted of metallic ^^Mo powder, with 
a 96.5Z enrichment. 

Two neutron detectors were placed at the end of two flight-paths, 10.3 m 
long, placed at 90" and 135° with respect to the incident gamma-rays. Each 
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detector consisted of seven ^Li loaded glass scintillators having a diameter 
of 110 mm and a thickness of 12 mm. 

The cross-section is deduced from the t.o.f. spectra using calibration 
measurements of ^°®Pb(Y,n) resonances whose values of T are taken as 
known standards from ref. [l]. 

The smoothed plot of fig. 1 shows the cross-section integrated over 4TT , 
deduced from the two measurements at 90° and 135°. 

TT 

The ground state of the target nucleus ^^Mo has. J = 5/2''' . The most 
probable process leading to the emission of a low-energy neutron consists in 
the excitation of a 3/2" resonance by absorption of El radiation, followed 
by p-wave neutron emission, leaving the residual "̂̂ Mo in its O* ground state. 
In the measured neutron energy range from 50 to 300 keV, emission of p-wave 
neutrons is much more probable than Y~decay. For this reason, in eq. (1) 
Tjj/r = 1 as far as El radiation is concerned. Next in importance is the ex
citation of 3/2''' and 5/2''" levels by Ml radiation, followed by the emis
sion of d-wave neutrons. This contribution increases with neutron energy; how
ever in our range it is weaker than the El part for two reasons: 

1) The Ml strength is smaller than the El one. 

2) The factor T /V in eq. (1) is substantially smaller than unity because 
of the low penetrability factor for d-wave neutrons. 

The whole energy range of the experiment was divided into three parts. 
The average measured cross-section and the expected Ml contribution in each 
interval are given in table 1. The Ml contribution and its uncertainty were 
calculated assuming that the gamma and neutron strength are 

10^ k(Ml) = 1.2 ^ Q"^ MeV~^ and 10** S^ = 0.3 ± 0.2 , respectively. 

These values were estimated from the systematic behaviour of k(Ml) and 
S2 in the mass region around A = 95 (refs. [2] and [3j for k(Ml) and [4j 
for S2). 

In the last column of tab. 1, the cross-section is given for El absorp
tion in 3/2~ resonances; the indicated errors take into account the uncer
tainties of k(Ml) and S2 only, not including calibration errors mainly due 
to uncertainties of the assumed standard values. 

The consistency of the O-^-^ values in the three energy intervals indi
cates that the assumed k(Ml) and S2 are basically correct. Anyway, in or
der to deduce the El strength, we have used the a-^-^ value obtained in the 
first energy interval, which has the lowest correction. The result is 

k(El) = — ^ ^ = 2.6 -̂  °-2 10-^ MeV"^ 
D E^ A^/3 " °-^ 

Y 

in good agreement with the systematics. 

The experimental method here presented shows that values of the gamma 
strength can be simply deduced from the measurement. However, the attainable 
precision is at present limited by the large uncertainties in the V values 
assumed as reference. ^ 
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Table 1 

E 

(keV) 

50 - 100 

100 - 200 

200 - 300 

exp o 
(mb) 

1.16 

1.22 

1.46 

a . (Ml) 
calc 
(mb) 

0 11 * °-2i 
"•^^ - 0.09 

0 28 * °-*2 
°-2̂  - 0.21 

0 39 * °-^^ "•^^ - 0.27 

a (El) 

(mb) 

1 05 * °-°^ 
•̂"̂  - 0.21 

0 94 * °-21 "•^* - 0.42 

1 07 * °-27 
^•"' - 0.49 
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Fig. 1 - Cross-section of ^^Mo(Y,n ) reaction, 
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CURRENT STATUS OF FAST NEUTRON CAPTURE CALCULATIONS* 

by 

Donald G. Gardner 
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Abstract 

This work is primarily concerned with the calculation 
of neutron capture cross sections and capture gamma-
ray spectra, in the framework of the Hauser-Feshbach 
statistical model and for neutrons from the resonance 
region up to several MeV. An argument is made that, 
for applied purposes such as constructing evaluated 
cross-section libraries, nonstatistlcal capture mech
anisms may be completely neglected at low energies 
and adequately approximated at high energies in a 
simple way. The use of gamma-ray strength functions 
to obtain radiation widths is emphasized. Using the 
reaction ""Y + n as an example, the problems encoun
tered in trying to construct a case that could be run 
equivalently on two different nuclear reaction codes 
are Illustrated, and the effects produced by certain 
parameter variations are discussed. 

I. Introduction 

A great deal of progress has occurred in recent years In the development 
of computer codes for calculating neutron capture cross sections and gamma-ray 
energy spectra over a wide range of incident neutron energies. Both statisti
cal and nonstatistlcal capture mechanisms may be treated in varying degrees 
of detail. For medium-weight and heavy (but not fissile) nuclei, and for 
neutron energies up to several MeV, it is fair to say that the accuracy of 
neutron capture calculations is not limited by the available computer codes 
and the physics models which they contain, but by the input data. Modern 
codes properly conserve angular momentum and parity, and calculate all compet
ing reactions concurrently. However, without accurate and complete input 
information such codes may produce substantially inferior results than often 
are available from greatly simplified calculations or even clever systematics. 
Although our modern codes demand a corresponding excellence in the nuclear 
physics Information upon which their calculations are based, under favorable 
conditions they can produce remarkable results. More Importantly, perhaps, 
they can provide insight into the reaction processes that could never come 
from simpler treatments. 

*Work performed under the auspices of the U. S. Department of Energy by the 
Lawrence Livermore National Laboratory under contract number W-7405-ENG-48. 
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The orientation of this report is towards applications and not toward 
theory. We will be concerned mainly with statistical model calculations of 
the Hauser-Feshbach type, for incident neutron energies in the region from 
overlapping resonances up to several MeV. Nonstatistlcal capture mechanisms 
will be mentioned, but for many applications they may either be omitted from 
cross-section evaluations or treated rather simply. Much of the information 
summarized here was treated in more detail and given historical perspective 
in an unpublished report [Gar 81a], which will appear as a chapter in the 
monograph Radiative Neutron Capture (R. E. Chrien, editor), Pergamon Press, 
to be published this year. For other general descriptions of capture cross-
section calculations, see Refs. [Dov+65, BR 69, SS 73, Rib4-75, GJD 76, Iij+77, 
Ref 78]. For neutrons in the 5-20 MeV range, capture cross-section calcula
tions based on the direct-semidirect model are discussed by Longo and Saporetti 
[LS 75]. Two major subjects will not be treated here at all. The first of 
these, capture calculations involving fissile nuclei, has already been covered 
in depth by Lynn [Lyn 74, Lyn 76, Lyn 81]. The second concerns error estima
tion and the construction of covariance matrices derived from sensitivity 
studies of the calculations. Some reports are available, for example, [Gru 75, 
Dra+77, Sch 78], but a comprehensive review appears to be lacking. 

There exists a number of statistical model, nuclear reaction codes which 
can accurately calculate radiative neutron capture cross sections, gamma-ray 
spectra, and isomer populations. Two representative codes, COMNUC [Dun 70] 
and STAPRE [Uhl 70, US 76], were used in this work. Information on other 
codes may be obtained from the Nuclear Energy Agency Computer Program Library 
[SG 76]. When a properly designed test problem was formulated, the COMNUC 
and STAPRE codes reproduced each other's results to within a few percent. 
The problems encountered in constructing a test case which could be treated 
equitably by each code will be described; such problems seem to militate 
against the possibility of one test case being used to evaluate several 
different codes, except at a superficial level. Using the reaction ^^Y + n 
as an example, we will illustrate the sensitivity of results to certain model 
and parameter variations. 

The most important input quantity for a capture calculation is the ratio 
of the radiation width to the level spacing, <Ty>/T), and its dependence on the 
excitation energy and the spin and parity of the radiating compound nuclear 
state. In the absence of experimental data, we believe this quantity may 
best be estimated from systematics involving the gamma-ray strength function 
rather than from systematics of the radiation width itself. Our current 
understanding of El strength function systematics will be reviewed in the 
final section of this report, and simple expressions will be given to estimate 
this quantity, as a function of energy, over a very wide mass range. 

II* Nonstatistlcal Capture Mechanisms 

For many years after Bohr proposed his compound nucleus picture of nuclear 
reactions [Boh 36], it was generally assumed that neutron capture reactions 
proceeded in a statistical way _via this mechanism. Beginning in the late 
1950's, and particularly in the last decade, a large body of theoretical and 
experimental evidence has been accumulated that shows conclusively that alter
nate mechanisms can contribute to the capture process. The point of concern 
here is how important are these mechanisms relative to the compound nucleus 
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capture process? From an evaluator's point of view, to what extent must they 
be considered when constructing an evaluated excitation function? In answer
ing this question it is convenient to divide the energy range of the incident 
neutron into three parts: the low-energy resonance region, the region from the 
overlapping resonances up to, say, 5 MeV, and the high-energy region above 
5 MeV, although the direct capture mechanisms functions in all energy regions. 

II.A. Direct and Valence Neutron (Capture 

In 1959, Lane [Lan 59] published an extension of his work with Lynn 
[LL 57] on the derivation of both direct and compound nucleus capture mechan
isms from dispersion theory. This work was followed limnediately by two 
publications, [LL 60a, LL 60b] which formed the basis of much of the subse
quent development of the theory of direct and valence capture. Four review 
papers in this area have appeared recently [Birf76, Mug 78, MC 78, AM 79]. 
Subsequent to these reviews, a paper by Halderson and (̂ stel was published 
[HC 79]. This was of particular interest because they compared three of the 
alternate theoretical approaches to the valence model treatment of Lane and 
Lynn. They investigated the case of ^®Sl(n,Y), and concluded the most useful 
formulation was the optical model approach of Lane and Mughabghab [LM 74]. 

In simple terms, both direct capture and valence (or channel) capture 
arise from the overlap of initial and final state wave functions in the en
trance channel region, primarily external to the surface of the target nucleus. 
The emission of dipole radiation occurs in the field of a spectator nucleus. 
Figure 1 illustrates the difference between direct and valence capture. When 
the incident neutron energy is on resonance, the capture probability is, in 
general, greatly enhanced over that for off-resonance (direct) capture. 

The partial width for valence capture of an incident l-vawe neutron of 
energy EQ from an initial resonance. A, to a final state, v, may be expressed 
as 

TyXu - qXw(En) ^ \ ^ ( A ) ^n\ . (1) 

Here ^Xu^^n^ corresponds to a reduced partial valence width, F^^ is the 
reduced neutron width for that partial wave, 6̂  is the reduced width of the 
final single-particle state, and Ey is essentially the binding energy of the 
neutron in that final state. Summing over the final states, u, the total 
valence width from resonance X is 

V r V * 

Tyx - I h^v = Qx r„A . (2) 

Written in terms of A-wave neutron strength functions, S^, 

< V u - Q* h <»>tj • <3) 

The average spacing of resonances with the same Jn is <D>£j. The usual assump
tion is made that the total radiation width, iXy>» is composed of a statistical 
part, <r >*, and a nonstatistlcal part, <r >'̂ , 
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Fig. 1. Incident neutron undergoing direct or valence capture to a single-
particle final state. 

and 

<r̂ > = <r^>^ + <r^>^ 

<r„>^ = <r,,>̂  + other nonstatistlcal terms. 

(4) 

(5) 

One would thus expect that partial valence widths would show correlations 
with the reduced widths of the initial and/or final states, and that the 
total valence capture width will be particularly enhanced for targets with 
large level spacings around maxima in the neutron strength functions. 

Another assumption that is frequently made [AM 79] is that the difference 
between s-wave and p-wave radiation widths is attributable to nonstatistlcal 
capture mechanisms. In the mass region around A = 100, the 3-p neutron strength 
function reaches a maximum, and the nonstatistlcal contribution to the p-wave 
radiation width might thus be 50% or more. If this were true, it could severe
ly limit our ability to calculate capture cross sections for nuclei where 
experimental data are lacking. However, the difference between s-wave and 
p-wave radiation widths cannot be due entirely to nonstatistlcal effects. 
Large differences can arise merely because of the spin and parity distributions 
of the discrete levels in the capture daughter nucleus. Also, the uncertainty 
in the average value of a partial-wave radiation width depends on the number, 
N, of the resonances that are averaged. In order to tell if s-wave and p-wave 
radiation widths really differ significantly a large number of resonances must 
be averaged, and there is no experimental evidence to suggest that valence 
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effects persist over a great many resonances. In fact, we have shown chat, 
for the case of ^^Mo + n, which is the classic example [Chr+76J of undisputed 
correlations between transition strengths and reduced widths, all valence 
effects disappear completely when even a small number of resonances are 
averaged [Gar 81b]. 

We have made the most complete Hauser-Feshbach calculations that we can 
for the reaction ^^Mo + n, for neutrons in the 1 keV to 3 MeV energy range, 
using our latest versions of the statistical model codes STAPRE and (X)MNUC. 
The important aspects of our calculations include the use of absolute gamma-
ray strength functions and detailed nuclear level information. In addition, 
we have modified the STAPRE code to print out partial wave results. 

The spherical optical model potential used to produce the neutron trans
mission coefficients was that of Lagrange [Lag 77]. The level density param
eters for '^»^^Mo were of the Gilbert-Cameron type [GC 65], as given by 
(k)ok et al. [CFM 67]. These were modified to reproduce the discrete levels 
in each nucleus: 26 levels up to 2.68 MeV in ^^Mo and 29 levels up to 1.25 
MeV In ^^Mo. This structure information [Hen 79] represents evaluations in 
which experimental data were supplemented with theoretical calculations. 
The structure information for ^^Mo is shown in Table I, where the energies 
have been rounded to 50 keV. 

The absolute gamma-ray strength functions were generated as follows: 
The El transitions utilized the energy-dependent Breit-Wigner line shape and 
the double-peak giant dipole resonance by Gardner et al. [GGD 80], which will 
be discussed further at the end of this report. The Ml transitions were taken 
to be single-particle in nature, and to represent about 15Z of the total 
s-wave radiation width. 

In the incident neutron energy range of l-lOO keV, our calculated cap
ture cross sections agree well with those of Lagrange [Lag 77] which, in turn, 
fit the experimental measurements of Musgrove et al. [Mus+76]. (Xir calcula
tions are still at a preliminary stage, but some of our tentative results are 
shown in Tables II and III, and compared with experiment where possible. The 
quantity S^ in Table II is the neutron strength function for the l^ partial 
wave. The gamma-ray strength functions are given in Table III. Because the 
calculated El strength function is energy dependent, the indicated range in 
values corresponds to the range of gamma-ray energies of 3.6-5.9 MeV. 

In Fig. 2 we show the partial wave contributions to the total capture 
cross section for ^^Mo. In our current version of the STAPRE code these 
partial wave calculations are made without the width fluctuation correction 
and are thus somewhat larger than the correct values; however, the relative 
contribution of each partial wave is not greatly distorted. Figure 3 shows 
the high-energy end of the calculated gamma-ray spectra following the capture 
of 25HceV s-wave and p-wave neutrons. The experimental results of Chrien et 
al. [Chrf76] for the primary transitions to the first 8 levels in ^^Mo were 
averaged, and these are also plotted in Fig. 3. The s-wave data came from 
only 2 or 3 resonances, while the p-wave data included up to 15 resonances. 
The agreement between calculation and experiment is excellent in the p-wave 
case, and while the relative intensities are predicted well in the s-wave 
case the absolute Intensities we calculate are low by a factor of 2 or 3. 
Our calculated s-wave radiation width is also low, compared with experiment. 
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Fig. 2. Partial wave contributions to the total neutron capture cross 
section of ^^Mo. No width fluctuation correction was applied. 

while the p-wave width is well calculated. The ^^Mo levels in Table I cannot 
be reached by primary El transitions following s-wave capture; including a 
possible 3/2" level near 1.30 MeV might improve the calculated s-wave radia
tion width, but would not help the calculated gamma-ray spectra. One possi
bility would be to greatly increase the Ml gamma-ray strength function, which 
now is assumed to contribute 15% of the total s-wave radiation width. However, 
Fig. 2 shows that the s-wave contribution to the capture cross section is 
almost a decade less than that for p-waves, and so it is also possible some 
s-wave resonances with small radiation widths were not included in the experi
mental averages. 

We conclude that we can calculate, on a purely statistical basis, the 
capture cross section and the average radiation width for s-wave and p-vave 
neutrons, in good agreement with experiment. Furthermore, the calculated 
intensities of primary gamma-rays to the first eight levels in ^^Mo agree well 
with recent averaged p-wave resonance measurements, even though the individual 
resonances may show large nonstatistlcal effects. It would appear that such 
nonstatistlcal effects disappear when even a small number of resonances are 
averaged, and so for evaluation purposes they may safely be ignored. 
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Fig. 3. 98, High-energy portions of *̂'Mo + n capture gamma-ray spectra for 
25-keV s-wave and p-wave neutrons. Circles are experimental data 
[Chr+67]. 

II.B. Fast Neutron Capture 

By fast neutron capture we generally mean capture of neutrons with ener
gies above an arbitrary value of 5 MeV. The cross sections for capture are 
usually quite small, a few milllbarns or less. The general situation for a 
medium-weight nucleus is illustrated in Fig. 4. Here we try to convey a 
feeling of the magnitude of the relative contributions to the capture cross 
section by the different capture mechanisms. The position of the peak arising 
from the semidirect mechanism depends on the energy of the giant dipole reson
ance, but it is In the neighborhood of 14 MeV, where the capture cross section 
is typically one millibarn. 

While the capture cross sections are small for fast neutrons, the emitted 
gamma rays can clearly have energies in the 10-20 MeV region, or greater. In 
fusion reactors, neutrons with energies around 14 MeV are produced by the 
(d,t) reaction, and the shielding of the resulting high-energy gamma rays is 
important, not only to protect fusion reactor components but to satisfy bio
logical safety requirements as well. Furthermore, as Bowman points out [BEG 
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Fig. 4. Hypothetical example of neutron capture by a medium-weight nucleus, 
where the approximate contributions from the different capture 
mechanisms are indicated. 

78], photofission of isotopes of U and Th present in various fission reactor 
systems can produce serious backgrounds that can interfere with threshold 
fission foil measurements. 

The initial work by Lane and Lynn [Lan 59, LL 59] showed that the com
pound nucleus contribution to the capture of 14-MeV neutrons by heavy elements 
was much too small to account for the observed results. The direct contribu
tion improved the agreement, but the calculations were still low by an order 
of magnitude. The breakthrough came in 1964 when Brown [Bro 64] pointed out 
that semidirect capture through the dipole states of nuclei can be even more 
important than direct capture when the energies were in the region of the 
giant dipole resonance (GDR). The reaction can be pictured as a high-energy 
neutron dropping into a low-lying final state, with the concurrent collective 
excitation of the GDR. A more detailed development of the semidirect capture 
model was published by Clement, Lane, and Rook [CLR 65]. 

An interesting feature of Brown's work is that he showed that the semi-
direct capture component could be expressed, approximately, as a term, Fgu, 
by which the direct capture was enhanced. Thus 

DSD 
n̂Y ŜD 

D 
n̂y 

(6) 
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where a^^ Is the direct + semidirect capture cross section, and n^ is the 
direct part alone. Actually, FJQ is the square of an amplitude, of the form 

Fgp - ll + AE/(ej + E^ - E^ + 1 r^/2)|2, (7) 

where AE is an energy shift associated with the dipole state. Implicit in 
Eq. 7 is an interference between the direct and semidirect capture mechanisms. 
This was neglected in the early theoretical treatments, but was later investi
gated by Longo and Saporetti [LS 68]. Review papers [Ber 74, LS 75, LS 76] 
summarise the recent advances in the DSD theory. Beyond these we might men
tion the recasting of the DSD model into an equivalent form, termed the "pure 
resonance model" by Dietrich and Kerman [DK 78]. 

Except where the details of the high-energy capture gamma-ray spectrum 
is important, we feel that for applied purposes the DSD component of the 
capture cross section can be adequately modeled using the approach of Benzi 
and Reffo [BR 691. They recommend an expression that incorporates the fac
torization of o^r^ into two parts, along the lines of Eq. 6. They give, 
for incident neutron energy, E^, 

.DSD 
ny (E„) - K 6 (Z/A)2 

(E, ,1/2 R^ E3 . 10-10) 

(2 + E /2 + 16.8 E1/2 
n n /R) (8) 

1 + 
0.75 EĴ  E^ - 0.61 EĴ ' 

(E^ - Eĵ )2 + (r^/2)2 

Here R is the nuclear radius, ER and FR refer to the energy and width of the 
GDR, and K is a normalizing constant that depends on the single-particle 
level spacing at the Fermi energy in the capture daughter nucleus. This can 
be estimated in different ways, or obtained by fitting Eq. 8 to 14-MeV cross-
section data. For the parameter Ey, Benzi and Reffo use 

En + Sn/2. (9) 

where Sj, is the neutron separation energy in the daughter nucleus. Sometimes 
this shifts the position of the DSD peak up too far In energy, and using 
Ey " EQ -f Sf^ may produce better results. 

III. Statistical Model Calculations 

For the purpose of constructing an evaluated excitation function for an 
(n,Y) reaction, it is acceptable to Ignore nonstatistlcal capture mechanisms 
entirely in the overlapping resonance region, and to model them in a simple 
way above about 5 MeV incident neutron energy. In the energy region where 
the compound nucleus, statistical model pertains, the situation is quite 
different. In general, Hauser-Feshbach calculations must be done carefully, 
in which angular momentum and parity are conserved and all competing reactions 
are calculated concurrently. If we are only interested in the neutron capture 
reaction, then certain conditions are relaxed somewhat. For example, we do 



76 

not have to be concerned with precompound particle or gamma-ray emission, 
because they both become evident only at high energies, above 5 MeV, where 
the statistical capture process has nearly vanished anyway. Neither do we 
have to treat direct inelastic scattering with deformed nuclei in great detail, 
as long as we are confident that the neutron optical potential used to gener
ate the transmission coefficients yields acceptable s-wave and p-wave neutron 
strength functions and a good compound nucleus formation cross section. 

We will now set down the familiar Hauser-Feshbach and statistical model 
equations, and comment on some of the quantities and models that enter into 
such calculations. The reaction ^^Y + n will be used as an example. We 
have recently completed a careful comparison of the two statistical model 
codes, COMNUC and STAPRE, using this reaction as the test case. The main 
features of these two codes are summarized in Table IV. Some of the diffi
culties encountered in constructing a test case that can be run equitably on 
two or more different codes will become apparent as we discuss the sensitivity 
of the calculations to different parameters and nuclear models. 

III.A. The Hauser-Feshbach Equations 

The cross section for a compound-nucleus-type reaction with entrance and 
exit channels, c and c', respectively, may be expressed as 

°cc'<^c> = u i T i T O ) I "'^'^ ""'(^c) . (10) 
JTT 

where 

0 9 "̂^ 
cil,(E) = <-£^> 
cc^ c 0 ' (11) 

<e >JTT<e .>JTT 

<e> Til ^'"'^ ' (12) 

and <e> = Lic^ <9(,i> ̂  . All sums are taken to insure conservation of angu
lar momentum and parity, and the symbols have their usual meaning. The colli
sion matrix parameters, e,,, are averaged over the resonances in the compound 
nucleus, <9c>, and approach the limiting value 

<ê >>Ĵ  > 2TT <r̂ >Ĵ /D"Ĵ  . (13) 

The width fluctuation factor, S^^,, converts the average of a quotient of 
values, in Eq. 11, to a quotient of averaged values, in Eq. 12, which, in turn, 
may be related to optical model transmission coefficients, T̂ . = <9c>. 

The averages over the partial widths are made under the assumption that 
they are distributed according to a X^-distribution, with v^ degrees of free
dom, except for the radiation width which is assumed to be nonfluctuating. 
We will consider different assumptions concerning the magnitude and behavior 
of Vj. later. 
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For a single particle channel we have identified <6^> with the trans
mission coefficient, T^. When the particle is emitted to a continuum of final 
states, 

<0^(E)>^^ - YJ <Oxc'<E)>^'' , (14) 
c' 

or In terms of transmission coefficients, and using a level density expression, 
o(E), to represent the continuum, we replace the sum in Eq. 14 by an Integral 

<e^(E»J'' - ^ / "̂ '̂  T^.,(E')D(J', it',(E„3^-E'))dE'. (15) 
c' o 

For the specific case of neutron capture, 

Jn 

and 

r.Ĵ  CF 'i - ^^no^ ''̂ ®cao> ' ,JJTT (17) 

By <6no> we mean neutron emission to the target state, and <B^Qp> is used 
to indicate the gamma-ray emission probability that leads to the daughter 
nucleus. Thus, we distinguish Ocap^ from <6y>, to account for the possi
bility that the gamma-ray cascade in the compound nucleus is terminated by 
particle emission or fission before the ground state of the target nucleus 
is reached 

<8c3p>-'' " <^y>'^^ - <®Yn>'̂ '' - <^p>^'' - ••• ^1^^ 

At sufficiently low incident neutron energies, the average capture width 
is due entirely to s-wave interaction, and it is <ry> at the neutron separation 
energy, S^, that is often used to normalize gamma-ray transmission coeffici
ents. Suppressing spin and parity notation and considering only dipole 
transitions, 

SQ 

ey(S„)-j]S - / (T^El + T^'*l)D(S„-E^)dEY . 
o (19) 

The normalization is accomplished by performing the appropriate integration 
for each compound spin state produced by s-wave neutron capture, and equating 
the results to the quotient of the experimental quantities, <rY> and DQ^,. 

More often we have knowledge of the gamma-ray strength function, f̂ ^̂ , for 
multipole type x£, rather than the transmission coefficient, Ty, and then 
we can rewrite Eq. 19 as 



78 

9y(E) = / [fEl(Ey) + fMlCEy)] E3 p(E-Ey)dEy. (21) 
o 

m . B . Sensitivity of Capture Calculations to Model Parameter Variations 

We have chosen the reaction ^^Y + n to illustrate some aspects of statis
tical model calculations. There are isomers in both ^^Y and ^°Y. This will 
test the ability of the STAPRE code to calculate isomer populations, and will 
also provide a reason for making calculations in which the isomeric state in 
^^Y is the target state. However, the problem was not specified to yield the 
most accurate physical results, nor does it necessarily contain our preferred 
models or parameters; it was designed merely to compare two codes, and was 
simplified accordingly. 

The neutron spherical optical model potential was that of Lagrange [Lag 
79]. As with the ^^Mo case mentioned above, the level density expression was 
of the Gilbert-Cameron form [GC 65], with the parameters of Cook et al. [CFM 
67] adjusted to agree with discrete level information, some of which appears 
in Tables V and VI. The Yrast limit, J^axj ^^^ defined approximately as 

^^ Jmax " 2 I (E-6) > fi2 j2^^. (22) 

The moment of inertia, 1, is derived from the energy-dependent spin cut-off 
parameter, a^(E). Just as o^(E) is not allowed to decrease below a minimum 
value, a^(E) > (6/i;2)<m̂ >, so too we impose a minimum Yrast spin value, Jmin* 
Lacking additional information, we usually assume J^in ^^ independent of 
parity and we set it to either 3 or 7/2. 

The gamma-ray strength function for '̂̂ Y was assumed to have the Lorentz 
energy dependence of a single-peak GDR, with ER = 16.69 MeV and TR = 3.31 
MeV. The strength was normalized to yield <^y>/^Q-^ = 3.659 x 10"^ for s-wave 
neutrons by adjusting the capture calculation to agree with experimental 
measurements, as shown in Fig. 5. For comparison, an absolute calculation 
using the energy-dependent Breit-Wigner for the GDR [GGD 80, GG 81] yields a 
value of <ry>/DQ^ = 4.25 x IQ-^, which is 16% greater than the value actually 
used. 

The level density parameters give a value for DQ^ of 5.01 keV at the 
assumed neutron separation energy of 6.85 MeV. This value depends on the 
choice made for <m2>, the mean spin projection used in the expression for 
the spin cut-off parameter. The test case used <m^> = 0.24 ^^^ , a value 
favored by Reffo [Ref 78]. The more commonly used value of <m2> = 0.146 
A , yields DQ^ = 2.97 keV, which is closer to the experimental values [MG 73, 
GP 72]. Since the ratio <Ty>/T)Q^ was normalized to a given value, the actual 
magnitude of DQ^ is not critical to the code comparison. However, the choice 
of <m > determines the spin cut-off parameter, which, in turn, can affect the 
calculated results regardless of the normalization. Also, if we wish to 
compare the partial radiation widths from the calculation with experimental 
values, then the numerical value of DQ^ becomes important. 

Before proceeding with the parameter sensitivity studies, we show next 
some calculations made with the COMNUC code, with the target nucleus ^Sy i^ 
its 1/2 ground state and in its 9/2+ isomeric state. In Fig. 6, three kinds 
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Fig. 5. Comparison of the STAPRE code calculation for the capture reaction 
^^gY(n,Y)'"»g^°Y with experimental data. 

of cross sections, the reaction, the Inelastic scattering, and the total cap
ture cross section are compared. The major difference occurs for the inelastic 
scattering cross section. With the Isomeric state as target, scattering to the 
ground state can always occur with d-wave or higher t-wave neutrons, resulting 
in a very low-energy effective threshold. The reason that both the capture 
and the inelastic scattering cross sections from the Isomer can be larger than 
from the ground state is that the compound elastic scattering cross section 
from the isomer is less. 
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Fig. 6. Some reactions with ^^Y target nucleus in its ground state and in 
its isomeric state. 

III.B.l. Width Fluctuation Correction 

,JTT The correction factor, S i, which appears in Eqs. 12 and 17, has 
been calculated in a number of ways [Mol 61, THW 74, GR 77, Mol 78, Mol 8 0 ] . 
Both of our codes calculate the correction for a single channel by integrating 
an expression of the form 

.JIT 
'cc , = / dt (l + 2 o 

(i + 2'££1^ [f^-f^^ n,..(fJ^)''" ] " \ 
(23) 
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with 

f^" - 1 + 2t <6j.>J''/(v̂ ,<e>J'') . (24) 

There are two questions here concerned with the number of degrees of freedom, 
v,., which describes the distribution of the partial widths. For a single 
channel in the weak absorption limit [Mol 64], v^ should be about unity, while 
in the strong absorption limit [KKM 73], Vj. - 2. The first question is, 
what Is the behavior of Vj. between these limits? Tepel and coworkers [THW 
74] suggest 

Vc - 1 + /Be , 

or in terms of transmission coefficients 

Vc - 1 + /Tc . (25) 

Recently, Moldauer [Mol 80) suggested a form for Vj, which is a function of 
both T(. and the sum TT^i for all competing channels 

ĉ "̂""c "̂̂ c'̂  " ^-^^ •*• (Tc^'^^^-0.78)exp(-0.228 ZT^,) . (26) 

In the strong absorption limit this also predicts Vj, - 2. For most situa
tions of Interest here, where inelastic scattering competes effectively with 
neutron capture, the functional form for v^ affects mainly the competition 
between compound elastic and inelastic scattering. The effect on the capture 
cross section is very small indeed, and so the expression given by Eq. 25 is 
quite adequate. 

The second question is — to what extent may individual channels be 
summed to form a "group", with a corresponding "group" degree of freedom? 
This concept is discussed by Gruppelaar and Reffo [GR 77], and was incorpor
ated over a decade ago by Dunford, for example, in his COMNUC code. Dunford 
takes the extreme position of considering only compound elastic and inelastic 
neutron scattering to the discrete target levels as individual channels. All 
particle emission to a continuum of levels, such as expressed in Eq. 15, are 
considered one single group. For proton or alpha-particle emission, even the 
discrete level transitions are lumped together with the transitions to the 
continuum, and not considered separately. The same is true with discrete 
fission channels and continuum fission. For such groups, the group degree of 
freedom is given by 

-group - 2 I <«c>''' > 1 • <27) 

The COMNUC code uses a Gaussian quadrature integration technique, which has 
been shotm [Bee 73] to be accurate and efficient for the type of integral 
given in Eq. 23. As you well may imagine, the width fluctuation correction 
calculation requires very little computation time in COMNUC. 

The STAPRE code, on the other hand, divides the energy range of the 
problem into equal size energy bins, and uses the trapezoidal integration 
method. Each Jn state in each continuum energy bin is treated separately, 
along with the discrete levels reached by particle emission from the first 
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compound nucleus. For the continuum bins, the single channel v̂ , values are 
multiplied by the number of levels in the bin at energy E 

^group = VcP(E,J,Tr)AE. (28) 

The integral in Eq. 23 is evaluated at least twice, the second time by doubl
ing the number of mesh points. This doubling is repeated until the answer 
remains constant to within a prescribed accuracy (such as 1%) or until the 
number of grid points reaches a set limit. If convergence was not obtained, 
an error message is printed. 

In both codes, the width fluctuation correction is calculated separately 
for each JIT state in the compound nucleus. When the number of open channels 
available to each JTT compound state exceeds some limit, all of the correction 
factors for that state can be set to unity. In our experience, that limit 
should be in the range 100-200 before the correction becomes negligible. 

In general, we have found that the width fluctuation correction calcula
tion in STAPRE requires a great deal more computer time than it does in COMNUC, 
perhaps by as much as an order of magnitude. When there are no convergence 
problems in STAPRE, the cross sections calculated by the two codes agree to 
within a few percent. No convergence problems were encountered with the test 
problem as defined above, but we will show later that such problems appeared 
when the number of discrete levels were reduced to just the ground state in 
the nuclei 89.^Oy. 

The effect of the width fluctuation correction is shown in Fig. 7 for 
the compound elastic and inelastic scattering cross sections for ^^Y, and in 
Fig. 8 for the capture cross section. In the latter case there is virtually 
no difference in the results when v̂ , = 1 + /T^, or just v̂ , = 1. Because the 
correction is different for each compound Jir state, it can affect isomer ratio 
calculations. In our test case, omitting the correction entirely had a 10% 
maximum effect on the calculated m/g ratio in ^^Y; at most energies the effect 
was much less than 10%. 

III.B.2. Neutron Transmission Coefficients 

Current statistical model codes use transmission coefficients which are 
specified either as functions of orbital angular momentum, T^, as does 
STAPRE, or of channel spin, Tj, as does COMNUC. The use of T^ values is 
correct, while the use of T^ values is an approximation which can affect 
the calculated capture cross sections in the energy range of interest here. 
The source of the error is mainly the different spin distributions that the 
two types of transmission coefficients produce in the first compound nucleus. 

There are two ways by which T^ values may be obtained from an optical 
model program. The poorer of the two methods is merely to set the spin-orbit 
term in the potential to zero. The compound nucleus formation cross section 
produced by such T̂^ values may differ from the correct value by an amount 
that varies with energy. In our case, the difference may be 4% or more, as 
is shown in Fig. 9. 

The better way to average the Tj values is given in Eq. 29 for spin 1/2 
particles 
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and inelastic scattering cross sections for Y + n. 
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ll = [(il+l)Tj=£+i/2 + (£)Tj=£-i/2]/(2£+l). (29) 

However, the spin distribution produced by even these T^ values will not be 
the same as that produced by the original Tj values. An example is given 
in Fig. 10, for a 1-MeV neutron incident on ^^Y. Two curves are plotted, 
one for each parity state. Each is the ratio of the population of a given 
compound spin state calculated from Tj values divided by the population from 
To values. For spin state 4"*" in '̂̂ Y, the ratio exceeds 1.45. This sort 
of effect becomes even more pronounced at lower energies, and diminishes at 
higher energies. With 2.1 MeV neutrons, the ratio for the 4"'" state is still 
1.25, and a considerably higher incident energy is required before the effect 
disappears. 

There are two principal ways in which these spin distribution differ
ences can affect the calculated capture cross sections (although second-order 
effects can enter in other ways, such as through the width fluctuation correc
tion). First, the inelastic scattering competition back to the discrete 
target levels is quite sensitive to the spin distribution as well as to the 
spins and parities of the discrete levels. Changes in the inelastic scatter
ing can affect, in turn, the capture cross section. Second, in the case 
where neutron capture leads to the population of isomers, the calculated 
isomer ratio will depend directly on the compound nucleus spin distribution. 
For the ^^Y test case, as specified above, the spin distribution effect 
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produced by setting the spin-orbit term to zero in the Lagrange 
neutron optical potential. 

modified the total capture cross section by no more than 5X, but the isomer 
ratio in ^^Y changed by as much as 20Z. The inelastic cross section was 
modified by IIZ near threshold, but this dropped to hX at 0.5 MeV above 
threshold and disappeared altogether after about 1 MeV above threshold. 

One final comment concerning the accuracy of the neutron transmission 
coefficients is that the required accuracy is less at lower energies, below 
the inelastic scattering threshold, than at higher energies. From Eq. 17 it 
may be seen that when the compound elastic width is large compared with the 
radiation width, the capture cross section is determined essentially by 
2ir<ry>/D. As long as the width fluctuation correction is important, the 
capture cross section does not scale linearly with the compound nucleus forma
tion cross section. Different sets of neutron transmission coefficients that 
produce compound nucleus formation cross sections that differ by factors of 
2 or 3 for neutrons in the keV region may well produce capture cross sections 
that differ by only 10 or 20Z. At higher energies accurate transmission 
coefficients are needed not only to compute the proper total reaction cross 
section, but also to obtain the correct inelastic scattering competition. 
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m.B.3. Nuclear Level Densities 

This field is too vast to be summarized in a short report, and so we 
will limit our comments to the effects produced by only two features of level 
density formulations — the spin cut-off parameter and the Yrast limit. 

In our calculations we generally use the Gilbert-Cameron level density 
formulation, in which a constant temperature expression at low energies is 
smoothly joined to a Fermi gas expression at higher energies. The spin cut
off parameter appears in the spin distribution function 

p(J,E) =i2J+|). exp[-(J+l/2)^/2a2] , 
aV8iT 

where a = a(E), and 

a2(E) = 6 <i„2> [a(E-6)]l/2 . 

(30) 

(31) 

We have already mentioned that we do not let a^(E) fall below the value 
(6/TT̂ )<m̂ >, and have given two common estimates for the mean square spin pro
jection, <m^>. One may also estimate a^ from the low-lying discrete levels, 
if there are enough of them 
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o2 - (1/2N) 

N 

l^l 
(Jl+1/2)^ (32) 

In the c.ise of ®^Y and ^°Y, there .ire too many low-lying, high-spin levels 
to make this approach useful, and so the arbitrary choice was made that 
<m^> • 0.24 A^'^. Calculations with our test case spanned the incident 
neutron energy range of 1 keV-3 MeV, and so continuum level densities appeared 
only in ^^Y. Since we have normalized the calculations with a value for 
<r,i>/DQbt the capture calculations for the ground state of ^^Y are Insensitive 
to the choice of <m^^. When the high-spin Isomer of ®^Y Is the target state, 
the effect of different choices for <m^> can produce variations of up to 50% 
in the capture cross section, as is shown in Fig. 11. The same size effects 
are also observed In the Isomer ratios calculated for ^^Y, which are displayed 
In Fig. 12. 
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Fig. 11. Effect produced by different spin cut-off parameter values on total 
capture cross sections. 
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It might appear surprising that the Yrast limit would be of concern in 
low-energy neutron capture calculations. It can be when the pairing gap in 
the target nucleus is large and the discrete level information is scant. 
The usual Yrast models are statlstlal descriptions that lose their meaning 
at lower energies, particularly in the neighborhood of the pairing gap. If 
a continuum is used to represent the levels below the pairing energy, £, some 
minimum number of levels must be allowed to exist, as we have indicated in 
Eq. 22. If not, the inelastic scattering competition to the capture process 
will be underestimated. The ®^Y test case does not show this effect because 
the maximum incident neutron energy used here, 3 MeV, still lies among the 
discrete target levels. Therefore, to illustrate the Yrast effect we have 
modified the test case so that only the ground states in 89,90Y are speci
fied, with the continuum beginning immediately above. Two calculations were 
made — one in which J„,in - 1/2 and the other in which J^jn - 7/2 in the 
target nucleus. The apparent enhancement in the capture cross section for 
®^Y In its ground state is shown in Fig. 13, and amounts to a 100% effect in 
the MeV region. Increasing J^in beyond 7/2 did not change the results 
appreciably. Tables such as the one by Gough [Gou 72] are useful for guidance 
in choosing JQIH* °^ °^^ might wish to be internally consistent and estimate 
''min ^^^^ ^^c minimum spin cut-off value. In our case, this would be 

Ĵ  - 18 a2 
"'min — °mln ' (33) 

m.B.4. Discrete Nuclear Levels 

Ue believe that there is no adequate way to represent the first 10 or 20 
levels in a typical nucleus with any level density expression. They are vital 
in providing the correct inelastic competition to the neutron capture process. 
Figure 14 shows the effect produced by representing all of the levels in 
89»90Y above the ground states by level density expressions. Two effects 
should be noted. First, even for incident neutron energies in the keV region, 
the capture cross section without the discrete excited states is less than 
that calculated with 25 levels in ^°Y. This is not due to inelastic scatter
ing competition, but to the calculated partial radiation widths being all 
about the same in magnitude. In Table VII we see that with 25 levels in 
^^Y, the p-wave width (and the f-wave width) is about twice as large as the 
s-wave width, thus producing a large capture cross section. The partial 
wave contributions to the total capture cross section of ^^Y, and to the 
production of the 7'*' isomer of ^°Y, are displayed in Fig. 15. 

The second effect appears around 30-40 keV incident energy, when the 
inelastic scattering to the continuum representing the target levels begins 
to be important. Actually, the first Inelastic level occurs around 0.9 MeV, 
and no (n,n') reaction can occur until then. However, with the continuum 
extending down to the ground state, the (n,n') cross section is calculated to 
be almost 400 mb at 0.9 MeV. As the figure shows, this has a profound effect 
on the capture cross section. 

One additional comment should be made concerning discrete nuclear levels, 
even though it does not pertain to the ^^Y test case. In the deformed mass 
regions, where rotational bands are built on low-lying single-particle levels 
such as the ground state and any isomeric states, it is important that all 
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Fig. 13. Effect produced on the ^^Y(n,i) reaction by reducing J^in in the 
target nucleus from 7/2 to 1/2. Only ground states were specified. 

bands are extended up to a high enough spin so that each band fairly samples 
the spin distribution in the compound nucleus. Among these discrete levels 
the gamma-ray cascades proceed down each band, with interband crossings 
occurring mainly near the band heads. Therefore, if one wishes to calculate 
isomer populations accurately, care must be taken to insure that some particu
lar band that happens to begin with a high-spin member does not receive an 
unfairly large portion of the capture cross section merely because the high-
spin continuum states could not decay to the other bands [Gar 80]. 

But there is a dilemma here. While it may be possible to locate and 
characterize the first 5 or even 10 or more bands, and to estimate the posi
tion of their high-spin members, rather quickly one will overlook and omit 
other single-particle levels and their band members. As the lower bands are 
extended up in energy, the missing levels will begin to constitute the major 
fraction of the total number of true levels. The extension of the lower 
bunds Is required if the isomer ratios are to be calculated correctly, but 
the missing levels will distort the absolute magnitudes of the isomer popula
tions. If the missing levels are in the daughter nucleus produced by neutron 
capture, the distortion may not be too large because of the size of the neutron 
separation energy and the very large number of levels in the continuum above 
the discrete levels. However, if the missing levels are in the target nucleus, 
and it is desired to calculate an isomer population following inelastic scat
tering, then the distortion may be very serious indeed. The missing target 
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levels could cause a serious underestimation of the inelastic scattering 
cross section. We have found no universal solution to this problem, and we 
usually have to make a number of calculations with £id̂  hoc modifications of 
the discrete levels in the hope of finding a compromise. 

III.C. Some COMNUC-STAPRE Code Comparison Results 

There are various ways in which a comparison between two computer codes 
may be made. Ue have chosen to try to construct a test case that could be 
run equivalently on the two codes, and then to compare as many intermediate 
and final results as possible to see how well the codes reproduced each other 
at the percent level. Another approach is to admit that there are model 
differences between the two codes, and to run similar (if not equivalent) 
problems to see by Just how much the results differ. The problem, then, is 
to try to Interpret the differences that are certain to occur, particularly 
if they arise from multiple (and perhaps unknown) sources. Other than deteir-
mlnlng if one or the other code contains some large error, it is difficult 
to see value of the latter approach. 
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The ^^Y + n test case used here was formulated to compare two .specific 
codes — COMNUC and STAPRE. The level energies and the neutron separation 
energies were rounded to 50 keV because STAPRE bins all energies and 50 keV 
was the bin size used in our calculations. Only El gamma-ray transitions 
were allowed, because of a variety of problems in the gamma-ray subroutine in 
COMNUC. It turned out that we couldn't even use equal strengths for El and 
Ml transitions because of these problems. The test case was normalized to a 
given value for <rY>/DQ^, again because of the inflexibility of the COMNUC 
code. 

We have shown the sensitivity of some of the calculations to variations 
in the width fluctuation model, and to changes in the specifications of the 
spin cut-off parameter and Yrast limit. If one code used the Gilbert-Cameron 
level density formulation while the other used, say, the back-shifted Fermi 
gas model, one would undoubtedly observe differences in the magnitude and 
energy dependence of the results. If one code used the Brink-Axel energy 
dependence for El gamma-ray transitions while the other code used the Weisskopf 
single-particle energy dependence, there again would be differences in the 
results, particularly for the capture cross section in the MeV region. 

We have attempted to use the same physics models where possible, but 
certain features will remain different. The use of Tj vs_ T^ neutron trans
mission coefficients is an example. Once the spin distributions produced by 
each were examined, it was possible to explain the observed difference in the 
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calculated inelastic scattering cross sections. If the COMNUC and STAPRE 
codes used transmission coefficients obtained from different optical model 
programs, different results might be observed. We have observed differences 
due to various choices of integration step size and matching radius, and at 
le.ist one optical model code in use has unity for the mass of the neutron. 
Our two codes use different methods for correcting the (n,Y) cross sections 
for reactions such as (n,Yn') which do not lead to capture. In order to do 
this properly, the (X)MNUC code requires input from a separate code called 
CASCADE. Uith this input, however, the COMNUC results match those from 
STAPRE, as we can see from Fig. 16. 

A more exact comparison of the two codes appears in the next two tables. 
In Table VIII, we list the ratio of the results from COMNUC to that from 
STAPRE for the following cross sections on the ground state of ^^Y: reaction 
(or compound nucleus formation), compound elastic. Inelastic and total cap
ture. Recalling that the STAPRE calculation used a bin size of 50 keV, it 
is impressive how well the two codes agree at low energies. We have also com
pared the values calculated by the two codes for the quantity 2ir<r-y>/D in 
the compound nucleus ^^Y. Results for two Incident neutron energies are 
given in Table IX; again the agreement is excellent. We have previously 
reported a COMNUC-STAPRE code comparison for the reaction ^°Zr + n, with neu
trons up to 20 MeV in energy [Gar 80]. In that work no precompound particle 
emission was allowed, but a wide variety of reactions were compared: total, 
reaction, compound elastic, inelastic, capture, (n,2n), (n,3n), (n,p), (n,np), 
(n,pn), (n,a), (n,na), (n,an). In all cases the results agreed to better than 
5-lOZ. By such comparisons we are convinced that the LLNL versions of the 
(XMNUC and STAPRE codes are operating as their authors had planned. 

An interesting situation occurred during the code comparison when only 
the ground states in 89,90Y were specified, and all excited states were 
represented by a continuum level density expression. Very large differences 
were observed in both the capture and the inelastic scattering cross sections. 
Without the width fluctuation correction, the (n,n') reaction at 0.076 MeV 
produced cross sections that differed by a factor of 6, while with the UF 
correction the same cross sections differed by a factor of 12! The STAPRE 
code always experienced convergence problems calculating the WF correction 
when only the ground state was specified in each nucleus. This accounts for 
some of the discrepancy, but not for all of it. Eventually, the problem was 
traced to the fact that the STAPRE code begins the continuum one bin above 
the last specified discrete level. When the continuum was set in COMNUC at 
50 keV above the ground state, the calculations without the WF correction 
again agreed to a few percent. However, with the WF correction, the capture 
cross sections differed by up to 25Z, and the (n,n') cross sections varied 
by up to a factor of 2. 

A limited study was carried out with the STAPRE code on the effect pro
duced by changing the energy bin size. With a larger bin size, the computer 
storage size and run times are reduced. Limitations arise with large bin 
sizes, because reaction thresholds and discrete lev.il energies are affected. 
We have tried the test problem with bins up to 250 keV in size, and the effect 
on the capture cross sections was generally less than 10%. When the test 
problem was run with only ground states, the apparent threshold for the (n,n') 
reaction seemed to depend on the bin size. For energy bins of 50 and 150 keV, 
one result was obtained, while bins of 200 and 350 keV produced a different 
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Fig. 16. Comparison of the neutron capture cross sections for the ground 
and isomeric states of ^^Y, as calculated by the COMNUC and STAPRE 
codes. 

result. This is shown in Fig. 17. The corresponding capture cross sections 
also fell on two curves which joined together fairly well around E^ = 1 MeV. 
Further work will have to be done to understand this behavior. 

IV. Gamma-Ray Strength Functions 

As we have mentioned above, the most important quantity required for a 
low-energy neutron capture calculation is the ratio Fy/D and its energy 
dependence. Usually <Ty'>/'DQ]^ is evaluated at the neutron separation energy 
for s-wave neutrons, and is then used to normalize the gamma-ray transmission 
coefficients, as indicated in Eq. 19. 
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Over the years, there have been many attempts to develop systematics 
for <rY>. In 1951, Heidmann and Bethe [HB 51] suggested the form 

<r^> = Cĵ  A~ 2 (eV), (34) 

with estimates for the constants of C]̂  = 5 x 10^ and C2 = 2.3. Almost 30 
years later, comparison with recent compilations shows that Eq. 34 is not a 
bad estimate, except for light nuclei and nuclei near doubly closed shells. 
Until a few years ago, we used a recipe by Stolovy and Harvey [SH 57] 

<r^> = K A2/3 (S^-6)« [D(S^-6)]^ . (35) 

Here K, a, and g are constants, S^-6 is the neutron separation energy correct
ed for the pairing energy, and D(U) is the level spacing per spin state at 
U = Ŝ -iS. We have determined values for the constants in different mass 
ranges [Gar 75], and all of this was built into our COMNUC and STAPRE codes. 
Other recent evaluations include [BRV 74, Joh 77, Ref 78, Ben 78, Moo 78, 
ZS 78, Mug 79]. 

Due to the rapid variation of the neutron separation energy and the 
level density with proton and neutron number, and to the great importance of 
the discrete levels below the continuum (as we have seen in Table VII), one 
cannot expect to find any smooth behavior of the radiative width over any 
large mass range. The effective energy dependence of the radiative width 
depends not only on the intrinsic energy dependence of the partial radiative 
width, but also on the spin distribution in the radiating nucleus and also 
on its discrete levels and continuum level density. For these and other 
reasons, it appears more fruitful to us to try to develop systematics for the 
gamma-ray strength function, which underlies the radiative width, than to 
parameterize the radiative width itself. In fact, one of the examples that 
we have used in the past [GGD 80] concerns the neutron capture cross sections 
for ^^>^^Rb. The capture cross sections for the two isotopes differ by a 
factor of 10, and the <rY>/Dob values differ by a factor of 27, and yet they 
both have the same El strength function. 

For neutron capture calculations, dipole transitions are the only ones of 
major importance among continuum states and for transitions from the continuum 
to the low-lying discrete levels. Of the dipole transitions, the El transi
tions far outweigh Ml transitions. Studies of capture gamma-ray spectra have 
shown that, for medium-weight and heavy nuclei, an El strength function with 
an energy dependence related to the shape of the GDR is more realistic than 
the constant strength function derived from the Weisskopf single-particle 
treatment. The situation for Ml strength functions is less clear; some in
vestigators believe there is evidence for an Ml resonance shape. Recent 
reviews that bear on this question include [Lon 79, Kop 79, MSC 81]. 

In our treatments we have used the following expression for the El 
gamma-ray strength function, together with the Brink hypothesis, 

fEi(E.) = 3.32 X 10-' NZ ̂  ^ R ^ S > % > V . 
^ A E^ T^ (36) 
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Here GK(EY,E](,ri() is the GDR line shape function with a peak value of unity, 
and EK and T^ are the energy and width of the GDR. We combine the contribu
tions to the dipole sum rule of exchange terms, and of the extent to which the 
sum rule is exhausted, into the parameter, F^J^» If a double-peaked GDR with 
equal peak heights is assumed, then the term G(̂ (EY,E|{,r|̂ ) may be replaced by 

1̂ ^Ri(^Y»^Rl»''Ri^/^l ^Rl* ^̂ "̂  ^ transitions, we generally assume fm = 
constant, and that the Ml radiation width is about 15Z of the total s-wave 
radiations width at the neutron separation energy. 

The Lorentz line shape is a commonly-used functional form for G^, Another 
form that we have investigated recently [GGD 80, GG 81] might be called the 
energy-dependent Breit-Uigner (EDBU) shape. 

Lorentz 

GR(EY,En,rR) - [I + (E2-E|)2/(EYrR)2]-^ . (37) 

Energy-Dependent Breit-Uigner 

jR(E^,E^,r^,E^) - [1 + ^\^y-^j^f /VVL-Y'R GB(E^,ER,rB,E,) - [I + 4(E^-ER)2/(r(E^rR)]-l , (38) 

with 

r(EY) - TR [2EY/(EX+ER)]2 ; E^ < (EX+ER) /2 , 

- FR ; EY > (EX+ER) /2 , 

and with E^ •• 5 MeV. Ue will compare these two shapes after we have further 
discussed the EDBW form. 

Our development of the systematics for the EDBW treatment of El gamma-
ray strength functions is based on a number of assumptions: 

1. All nuclei with A > 40 behave like prolate spheroids, and their GDR 
shapes may be approximated as the sum of two peaks of equal height, 
OQi and oo2> even when the peaks are not resolved. 

2. TRJL OQI "0.5 rR2 O02» *"d hence FRĴ  - 0.5 rR2. 

3. The average energy of the two peaks is ED - (ER^ + 2 ER2)/3, and 
according to ref. [BF 75], ER - 31.2 A"l'^ + 20.6 A"^'^ MeV. Also, 
the separation of the two peaks may be related to the deformation 
parameter, 02• 

r2.126 + 0.822 6,"I 
ER2/ER1 - 0.95 [ ;.,,, . 6 , 'J 

mass 
and 

4, The widths, FRĴ  and rR2, are not functions of 32» ^^^ ^^^ 
dependent. For masses up to about 160. we use rR2 ' 29.7 A ^'^, 
for higher mass we use rR2 • 66.1 A~^^2. xhe mass 160 separation 
point is arbitrary and rather uncertain. 

5. The parameter, FgR, we now take as unity, if both isospin states are 
available. For neutron capture, only T*̂  states can be reached, and 
so we use [FG 70] 
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'SR T„+l o 
(1 + 1.5 A -2/3 

where 

TQ = (N-Z)/2. 

Our latest finding is that, for &£ values in the range 0.1-0.3 and for 
gamma-ray transitions up to at least 7 MeV in energy, the calculated El 
strength function is quite insensitive to nuclear deformation. Therefore, 
it should be possible to go back to Eq. 36 and develop a useful single-peak 
approximation to our double-peak systematics. We have made the following 
approximations: 

1. NZ/A - A/4. 

2. 

3. 

4. 

The mass range was arbitrarily divided at A = 160, and 

A < 160 

I T^^ = 1.5 (29.7 A-1/3) = 44.6 k'^^^ . 

Fgĵ  = 1.5 - 2.8 A-^/3 . 

A > 160 

I T^^ = 1.5 (66.1 A-1/2) = 99.1 ^"1/2 . 

FsR = 0.99 . 

I GRI (E^.ERi.^Ri) = 2 Gĵ (E,ER,rĵ ). 

R̂ = 31.2 A 1/3 + 20.6 A-^/6. 

The functional forms for G^ were to be as before, the EDBR form up to the 
energy (ER+5)/2, and the normal Breit-Wigner form from (ER+5)/2 up to the 
peak energy, ER. It turned out that it was necessary to introduce a slight 
energy dependence in T^ to better represent the sum of two Breit-Wigner ex
pressions at the higher energies. Our final results are as follows: 

Energy Range Functional Form 

EY < (ER+5)/2 

ER > EY > (ER+5)/2 

GR(EY) = 

GR(EY) = 

(5+Ep)^ 
1 + L_ 

(E. 

0 2 2 
1 + Yi (EY-ER) 

'W J* 
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Mass Range Functional For ro 

*0 ^ '̂  ̂  1̂ 0 fEl(EY) - 3.72 X IQ-e A ^ B (1.5-2.8A-1/3) ̂ ^^^^^ 

To - 22.3 A-» /3 (1.052 - 6.0 X 10-5 h!L-\ 

A > 160 hl^^y^ - 1-66 X 10-8 A ^ GJ(EY) 

TD - 49.6 A' •1/2 (1.052 - 6.0 X 10"5 _I!L| 

v ER ; 
The above expressions represent the average behavior of fElC^^), includ

ing the Isospin correction, near the line of stability, in both spherical and 
deformed mass regions. Figure 18 shows fEi(EY), as a function of mass, for 
gamma-ray energies of 3, 5, and 7 MeV. It is not obvious from this figure, 
but the energy dependence of fEi(EY), for gamma-ray energies In the range 
3-7 MeV, is about E^. There are two common ways to plot fgi values, to 
attempt to remove the energy and/or mass dependencies: 

''El - ^EI^^Y) A ^ ' ^ , (39) 

and 

SEI - %(S> Â '' V • (̂ ô) 
In Fig. 19, we show the average behavior of fglCEY). again for EY " 3, 5, 
and 7 MeV, but now plotted as kgi and Sgi. The calculations are compared with 
resonance neutron capture data from the compilation of McCullagh et al. [MSC 
81]. Figure 19 shows our calculated fEi(EY) values to be in generally good 
agreement with the measurements in both spherical and deformed mass regions, 
and that plots of S^i from Eq. 40 should be useful in correlating data because 
the energy dependence of the El strength function is effectively removed, at 
least for the most commonly encountered range of gamma-ray energies. 

In our last graph. Fig. 20, we compare the El strength function for ^^Y 
in the Lorentz form as specified in the ^^Y + n test case, with fEi(EY) for 
^^Y from the calculation using the average EDBW expressions and with some 
measurements by Szefllnska et al. [SSW 79]. While the average trend with 
energy of the data points tends to follow the EDBW curve better than the 
Lorentz curve, the points lie below both curves in the range from 0 to 6.8 
MeV over which the radiation width was normalized. It would seem from these 
data that the EDBW expressions given above yield fEi(EY) values that are 
too large by perhaps 30X. An examination of Fig. 19, leads one to conclude 
that a 30% decrease in SEI might fit those data better as well. A further 
study is underway to try to reach some definite conclusion in this matter. 
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Fig . 18. Average behavior of fEi(EY) as a func t ion of mass for EY = 3 , 5 , 
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l i n e ) , and 7 MeV (short and long dash l i n e ) . 
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Table I. Discrete level Information for "̂ M̂o. 

Gamma-Ray Branching 

(MeV) 

0.00 

0.10 

0.25 

0.35 

0.50 

0.55 

0.60 

0.65 

0.70 

0.70 

0.75 

0.80 

0.90 

0.90 

0.90 

0.90 

0.90 

0.90 

0.95 

0.95 

0.95 

1.00 

1.05 

1.15 

1.15 

1.20 

1.20 

1.20 

1.25 

(a) 0.70 
(b) 0.95 

jTt 

1/2+ 

5/2+ 

7/2+ 

3/2+ 

1/2+ 

3/2+ 

5/2+ 

3/2+ 

11/2-

7/2+ 

9/2+ 

3/2+ 

5/2+ 

7/2+ 

1/2+ 

11/2+ 

9/2+ 

5/2+ 

7/2+ 

5/2+ 

7/2-

1/2+ 

5/2+ 

15/2-

3/2+ 

3/2+ 

7/2+ 

9/2+ 

5/2+ 

MeV level with 
MeV level with 

Tl/2 

66 h 

16 us 

0.8 us 

jTT - 11/2 
JTT - 7/2-

Final level energy (MeV) 
(branching fraction) 

0.00 ( 

0.10 ( 

0.00 ( 

0.00 < 

0.00 < 

0.25 ( 

0.00 ( 

0.25 ( 

0.10 ( 

0.10 ( 

0.00 ( 

0.00 ( 

0.10 ( 

0.00 ( 

0.25 

0.10 

0.00 

0.10 

0.00 
0.55 

0.10 { 

0.00 ( 
0.50 

0.65 < 

0.70 

0.00 

0.10 

0.10 

0.70 

0.35 

.1.00) 

1.00) 

.0.42) 

.0.53) 

0.29) 

:0.24) 

.0.72) 

.1.00) 

0.81) 

:0.74) 

:0.29) 

:0.38) 

:o.50) 

;o.2i) 

[1.00) 

[0.50) 

[0.50) 

[0.20) 

[0.15) 
[0.31) 

[0.80) 

[0.15) 
[0.08) 

[1.00) 

[1.00) 

[0.50) 

[0.50) 

(0.30) 

(0.92) 

[1.00) 

O.IO (0.58) 

0.10 (0.24), 0.35 (0.23) 

0.10 (0.61), 0.35 (0.10) 

0.35 (0.76) 

0.10 (0.22), 0.35 (0.06) 

0.25 (0.19) 

0.25 (0.26) 

0.10 (0.39), 0.35 (0.32) 

0.10 (0.50), 0.35 (0.12) 

0.25 (0.50) 

0.10 (0.50), 0.35 (0.29) 

0.25 (0.50) 

0.10 (0.50) 

0.25 (0.80) 

0.10 (0.37), 0.35 (0.17), 

0.25 (0.05), 0.70 (0.15)* 

0.10 (0.38), 0.35 (0.30), 
0.60 (0.09) 

, 0.65 (0.50) 

, 0.50 (0.50) 

, 0.35 (0.12), 0.60 (0.58) 

a, 0.95 (0.08)b 
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Table II. Comparison of some calculated quantities with experiment for the 
reaction ^°Mo + n. 

Quantity 

TY (mV) 

D (eV) 

Sji X 10^ 

Partial 
wave 

s 
P 

s 
P 

s 
p 

Calculation 

64 
128 

820 
290 

0.48 
6.24 

Expe 
Chrien 
et al. 
[Chr+76] 

85.6 
121 

900 

0.7 ± 0.2 
7 ± 1 

riment 
Musgrove 
et al. 
[Mus+76] 

93 ± 11 
117 ± 15 

950 ± 150 

0.44 ± 0.12 
3.3 to 6.7 

Evaluation 

Gruppelaar 
[Gru 75] 

86 
120 

800 

0.35 
7 

Table III. Gamma-ray strength functions. 

Ev = 3.6 - 5.9 MeV Calculation 

'̂ El " ^YEI D-1 E^-3 A-2/3 
-9 

•̂ Ml " ^yMl ° Ŷ 

(1-3) X 10 

1.8 X 10"^ 

Chrien et al. 
[Chr+76] 

1.8 X 10 -9 

4.9 X 10 -9 

Table IV. Comparison of current LLNL versions of two statistical model codes. 

Coimnents 

1. Hauser-Feshbach with width fluctuation 
correction 

2. Built-in spherical optical model program 

3. Transmission coefficients 

4. Computes shape elastic and total cross 
sections 

5. All possible cross sections always 
calculated 

6. Entrance channel always neutrons 

7. Integration method 

COMNUC 
[DUN 70] 

Yes 

Yes 

Tj 

Yes 

Yes 

Yes 

Gaussian 
quadrature 

STAPRE 
[Uhl 70, US 76] 

Yes 

No 

No 

No 

No 

Trapezoidal 
rule 
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Table IV. (Continued) 

Ck)mments 

8. Gllbert-(^merun level density 
formulation 

9. Simple Yrast model 

10. Computes elastic and discrete 
inelastic angular distributions 

11. Precompound evaporation allowed 

12. Calculates energy spectra of 
emitted particles 

13. Gamma-ray competition at each 
compound nucleus 

14. Maximum number of compound nuclei 
in evaporation sequence 

15. (^Iculates gamma-ray spectra and 
production cross sections 

16. Weisskopf and/or Brink-Axel energy 
dependence of radiation width 

17. Absolute gamma-ray strength functions 
allowed 

18. Estimates direct-semidirect neutron 
capture 

19. Discrete levels allowed in all nuclei 
considered 

20. Computes isomer populations 

21. Permits isomers as target states 

22. Fission competition allowed 

23. Accepts input from coupled-channel codes 

COMNUC 
[DUN 70] 

Yes 

Yes 

Yes 

No 

No 

1 

[Uhl 

Yes, 

STAPRE 
70, US 76] 

, or back-
shifted Fermi 
gas 

Yes 

No 

Yes 

Yes 

Yes 

No 

Yes 

No 

Yes 

Yes 

No 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

No 

Yes 

Yes 

Yes 

No 

No 
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Table V. Uvel density parameters and discrete level information for Y. 

Level density parameters for Gilbert-Cameron expression 

a = 9.36532 MeV^ 

6 = 1.89899 MeV 

Ex = 6.08438 MeV 

T = 0.87914 MeV 

EQ = 1.01917 MeV 

a2(E) = 5.81692 [a(E-6)]l/2 > 5.81692 

Sn = 11.450 MeV 

Discrete level information^^^ 

Energy 
(MeV) 

0.00 

0.90 

1.50 

1.75 

2.20 

2.55 

2.55 

2.60 

2.85 

2.90 

2.90 

3.05 

jTf 

1/2-

9/2+ 

3/2-

5/2-

5/2+ 

7/2+ 

11/2+ 

9/2+ 

7/2+ 

3/2-

13/2+ 

3/2-

Tl/2 

Stable 

16 s 

Gamma-ray branching 
Final level energy 
(branching fraction) 

0.00 

0.00 

0.00 

0.90 

0.90 

0.90 

0.90 

0.90 

0.00 

0.90 

0.00 

__ 

(1.00) 

(1.00) 

(1.00) 

(0.70), 1.50 (0.30) 

(1.00) 

(1.00) 

(1.00) 

(1.00) 

(0.00) 

(1.00) 

(1.00) 

(a) Ref. [Str+79]. 
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Table VI. Uvel density parameters and discrete level Information for ^°Y. 

Uvel density parameters for Gilbert-Cameron expression 

a - 9.75940 MeV"! 

6 - 0.51461 MeV 

Ex - 4.68128 MeV 

T - 0.85438 MeV 

EQ - -0 .40013 MeV 

o2(E) - 5.86041 [a(E-6)]1^2 > 5.86041 

Sjj - 6.850 MeV 

Discrete level information^^^ 

Gamma-ray branching 

Energy 
(MeV) 

0.00 

0.20 

0.70 

0.80 

0.95 

1.05 

1.20 

1.20 

1.30 

1.35 

1.40 

1.55 

1.65 

1.70 

1.75 

1.80 

1.85 

1.95 

2.05 

J' 

2-

3-

7+ 

2+ 

3+ 

5+ 

4+ 

0+ 

6+ 

1" 

0" 

3-

1" 

4-

2-

3-

5-

5+ 

2-

Tl/2 

64.1 hr 

3.2 hr 

Final level energy 
(branching fraction) 

— 

0.00 (1.00) 

0.00 (0.004), 0.20 (0.996) 

0.00 (0.78), 0.20 (0.22) 

0.00 (0.42), 0.80 (0.58) 

0.70 (I.00) 

0.95 (0.89), 1.05 (0.11) 

0.00 (1.00) 

0.70 (0.95), 1.05 (0.05) 

0.00 (1.00) 

0.00 (1.00) 

0.00 (1.00) 

0.00 (1.00) 

0.00 (1.00) 

0.00 (1.00) 

0.00 (1.00) 

0.20 (1.00) 

0.70 (1.00) 

0.00 (1.00) 
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Discrete level information(^) (Continued) 

Energy 
(MeV) 

2.10 

2.10 

2.20 

2.25 

2.30 

2.35 

JT̂  

4+ 

4-

1-

6+ 

(-'
 

1-

Tl/2 

Gamma-ray branching 
Final l eve l energy 
(branching f r ac t ion ) 

0.80 (1.00) 

0.00 (1.00) 

0.00 (1.00) 

0.70 (1.00) 

0.00 (1.00) 

0.00 (1.00) 

(a) Ref. [Str+79]. 

Table VII. Partial radiation widths for ̂ °Y. 

Calculated (mV) 
Neutron 
partial 
wave 

s 

P 

d 

f 

g 

25 levels 
in 90Y 

183 

342 

186 

251 

179 

1 
il 
level 
1 90Y 

183 

170 

152 

132 

113 

Measured (mV) 

[Bol+77] 

115 

307 
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Table VIII. Comparison of some cross sections calculated by COMNUC and 
STAPRE for the ^^8Y + n test case. 

Ratio of cross-section values, COMNUC/STAPRE 

plab 

(MeV) 

0.076 

0.177 

0.278 

0.379 

0.480 

0.581 

0.683 

0.784 

0.885 

0.986 

1.087 

1.289 

1.492 

1.694 

1.896 

2.098 

Reaction 

0 .95 

0.99 

0 .99 

0.99 

0 .99 

0.99 

0.99 

0.99 

0 .99 

0.99 

0 .99 

0.99 

0 .99 

0.99 

0 .99 

0.99 

(k>mpound 
e l a s t i c 

0.95 

0.99 

0.99 

0.99 

0 .99 

0.99 

0 .99 

0.99 

0.99 

0.99 

0.99 

0.98 

0 .98 

0.99 

1.00 

1.00 

I n e l a s t i c 

1. 

1. 

1, 

1. 

0. 

0. 

0. 

.11 

.11 

,08 

.06 

.99 

.98 

.98 

Total 
capture 

l .Ol 

1.03 

1.03 

1.02 

1.03 

1.03 

1.03 

1.03 

1.03 

1.04 

1.04 

1.04 

1.04 

1.04 

1.04 

1.05 
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Table IX. Comparison of values of {2vT /D) x 10 for some JTT compound 
nucleus states in ^"Y as calculated by COMNUC and STAPRE. 

aab 
n̂ 

= 1.087 MeV En^^ = 0.076 MeV 

Spin 

0 

1 

2 

3 

4 

5 

6 

COMNUC/STAPRE ratio 
+ parity 

1.04 

1.04 

1.04 

1.04 

1.03 

1.03 

1.03 

- parity 

1.02 

1.03 

1.03 

1.03 

1.03 

1.03 

1.03 

Spin 
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Discussion 

QUESTION: U. Poenitz 
Yttrium might not have been a good test case for comparison of different 
formulations of the width-fluctuation correction because the correction 
itself seemed to be small in this case. There are others where it is much 
larger and maybe they would have shown a difference. 
ANSUER: D. (^rdner 
Possibly, but the difference between choices (for example, P. Moldauer's 
expression for the degrees of freedom, or others) is so small, you can't see 
a difference. 

QUESTION: S. Mughabghab 
You carried out the calculations for ^^Mo, and did not obtain agreement with 
experimental values for the total radiation width for S-wave resonances. 
The p-wave resonances agreement you obtained is not important. I would draw 
a different conclusion and that is that the calculations are uncertain. Did 
you make an evaluation of the uncertainties of the calculations; I mean, 
did you check what kind of changes you get if you vary the parameters? 
ANSUER: D. Gardner 
I did some of this for Yttrium, not for ̂ ^Mo. 

QUESTION: R. Chrien 
Uhen you calculate your spectrum you are averaging over a number of final 
states, is that correct? 
ANSUER: D. Gardner 
Ue calculate the entire cascade. For the final state these are direct 
transitions which form the high energy part of the spectrum. 
COMMENT: H. Gruppelaar 
I only want to comment. In the case of ^^Mo the p-wave component of the 
total-average-capture width is only a small part (15 meV compared with 120 
or so). I agree, you cannot expect to see it. 
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Abstract 

Average neutron capture cross cross sections have been calculated 
in the unresolved resonance region for many actinides, with two 
different methods: (1) with energy-dependent neutron strength 
functions obtained from a spherical optical potential adjusted to 
^"U data, radiation strengths from the giant dipole resonance 
model with global parameters, and width fluctuation corrections 
according to Tepel et al., (2) with constant neutron strength 
functions and energy-dependent radiation strengths, both from 
resolved resonances, and width fluctuation corrections according 
to Moldauer (1980). Results from the two methods are compared with 
each other and with experimental data. 

1. Introduction 

Evaluation of neutron capture cross sections in the unresolved 
resonance region must rely heavily on theoretical calculations where 
measured data are scarce, inaccurate or completely lacking. Two main 
avenues are open, (i) extrapolation from the resolved resonance region 
towards higher energies with the level-statistical model based on average 
parameters extracted from resolved resonances, (ii) utilisation of more 
global information embodied in an optical model for the neutron channels 
and in a giant dipole resonance model for the radiation channels. If 
fission competes significantly one also needs information on fission 
barrier parameters. Both avenues merge where average resonance parameters 
or transmission coefficients are inserted in a capture cross section 
formula of the Hauser-Feshbach type. We report here on our experiences in 
the actinide region with both avenues and on a convenient way to utilise 
both in a consistent manner. 

2. Prediction with Global Systematics 

An evaluation of neutron capture cross section data cannot be per
formed in splendid isolation. Consistency demands that all cross section 
types are evaluated in parallel. This is quite obvious in the resolved 
resonance region where the same resonance parameters appear in the reso-
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nance formulae for all open channels connected by the same compound 
state. For essentially the same reason It is true also in the unresolved 
resonance region. The total cross section plays a key role in each case 
because (a) it constrains all partial cross sections, (b) it can be 
measured absolutely and (c) it can be calculated from the entrance-
channel parameters alone. In the unresolved region these are the effec
tive radius for potential scattering and the strength function, or, 
equivalently, the complex optical-model collision function. Moreover, the 
total cross section is the only observable data type that can be directly 
calculated from an optical model. In contrast the shape-elastic and the 
compound nucleus formation cross section are related to observable cross 
sections only via branching ratios and width fluctuation factors which 
require additional information. 

In spite of this usefulness for consistent data evaluation the total 
cross sections of many actinides are quite badly known in the keV region. 
When we started evaluating Am and Cm data in 1977 there were no measured 
total cross sections at all for these nuclides, and the data for neighbor 
nuclei like '*'Pu, '*'Pu and "'U differed widely below 100 keV 
although one expects, in the spirit of the optical model, that they are 
almost equal for nuclei so similar in nucleon numbers and other proper
ties. We therefore looked for guidance from optical model calculations. 
Since the quality of the data did not warrant more sophistication a 
spherical potential was chosen. The global potential established by 
Wilmore and Hodgson [1], with energy-dependent real and imaginary 
potential depths V and W, Woods-Saxon form for V and derivative Woods-
Saxon form for W was taken as a first guess. This was refined by adjust
ment to **'U total cross section data below 15 MeV and checked against 
elastic and inelastic cross sections and angular distributions for 
'"U, with the code ABACUS [2] and a modified form of HAUSER-4 [3], as 
described in [4]. The adjusted potential has the parameters 

V = 47.01 MeV - 0.267 E - 0.00118 MeV*^ E^ , 

W = 9.0 MeV - 0.53 E , 

R = 1.21 fm A^^^ , R, = 1.298 fm Â ''̂  , 
r ' i • 

a = 0.66 fm , â  = 0.48 fm . 
r i 

Figs. 1 and 2 show total and differential elastic cross sections 
calculated with this potential together with measured data. It should be 
noted that the experimental data by Phillips and Howe [S] in Fig. 1 
became available only after the potential had been finalised. 

Fission transmission coefficients for single-hump fission barriers 
were calculated as sums over Hill-Wheeler barrier penetrabilities [6]. 
For double-hump barriers the usual strong-coupIing approximation [7] was 
employed, viz. addition of inverse penetrabilities for the two barriers 
to get the inverse total penetrability. The barrier heights and curva
tures were obtained by fitting fission cross section data which, in 
contrast to total cross sections, existed in all cases of interest. 
The transition state densities needed for the summations were described 
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by a Fermi-gas formula with energy-dependent a-parameter, following 
Ignatyuk et al. /8/. This permitted a simpler description than the 
composite transition state densities recommended by Lynn /9/. 

The capture transmission coefficients were calculated with Brink-
Axel giant dipole resonance profiles according to the global prescription 
of Holmes and Woosley /lO/ and width fluctuation corrections for all 
partial cross sections according to Tepel et al. /ll/. An example of 
a capture cross section curve calculated along these lines with 
HAUSER-4 (KfK version) is shown in Fig. 3 together with results based 
on information from resolved resonances. 

The first comparisons with experimental data and also evaluations 
seemed to indicate that these global calculations were not too reliable 
below 50-80 keV. As better data became available, e. g. the total cross 
sections of Phillips and Howe /5/ and especially those of Poenitz et al. 
/12/, confidence in the results grew. Furthermore, the level-statistical 
approach described in the next section gave very similar cross sections, 
showing that our global approach is reasonably consistent with infor
mation extracted from resolved resonances also below 50 keV. 

3. Extrapolation with Level Statistics 

Averaging R-matrix formulae over many resonances one finds the 
level-statistical equivalent to the optical-model collision function 
for a particle channel c = {Jls} as 

,.. 1-R L°* 

1-R L° • '̂̂  
cc c 

with R̂ ^ " ̂ c * ̂ ''̂ c ^̂ ^ 

where 0 is the hard-sphere scattering phase, R the distant-
t- c 

level parameter (related to the effective radius), s the pole 
c 

strength (proportional to the strength function) and otherwise con
ventional notation is used (cf. /13/). The corresponding transmission 
coefficient is 

- 4Trs P 
T = 1 - 1 <U >'^- <̂= h-R L°|2 ' (3) 

' cc c' 
These equations are valid if direct reactions are negligible as is the 
case in the keV range. The transmission coefficients for photon and 
fission channels are essentially the ratios of the correponding average 
partial widths to the mean level spacing, 

<r > <r > 
\ ' 2 ^ ' f̂ • 2TT - / - . (4) (5) 

Thus the transmission coefficients for Hauser-Feshbach calculations in
volve average resonance parameters which, at least for s-wave reactions, 
can be determined in the resolved-resonance region. For extrapolation 
into the unresolved region the strong energy dependence of the level 
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spacing must be taken into account, e. g. with the Gilbert-Cameron 
formula (14), whereas strength functions and the distant-level para
meters can be taken as constant over energy Intervals of 2-300 keV. 

Such calculations, based on level statistics for specific nuclei, 
should be capable of reproducing individual cross sections better than 
global prescriptions. The results, however, cannot be better than the 
input. For instance the level spacings must be carefully corrected for 
missing levels (see [15]). Another unpleasant fact is that strength 
functions estimated from resolved resonances have large statistical 
errors caused by the large variance of the Porter-Thomas distribution, 
and thus may have only local significance. Even if samples of several 
hundred resonances are available, as e. g. for *"U, the strength 
function uncertainty is of the order of 10% . In general, total cross 
sections predicted from level statistics were found to agree to about 
3-10% with those from our optical model, while for capture cross sections 
the deviations were more like 5-20% . Fig. 3 shows an example. 

4. Combined Approach 

If good experimental data exist the results of the two avenues out
lined above can be improved, of course. The following unified approach 
has proven to be both convenient and efficient from the upper end of the 
resolved resonance region up to at least 200 keV (for total cross sec
tions up to 500 keV). Hauser-Feshbach cross section expressions with 
width fluctuation corrections are fitted to all available total, capture, 
fission and angle-integrated inelastic scattering cross section data 
simultaneously. The adjustable parameters are strength functions, 
distant-level parameters, radiation widths (for E=0, parity dependent), 
for the fission channels (Jll-dependent) fission widths (for E = 0), 
degrees of freedom, barrier heights and curvatures. The mean s-wave level 
spacing (for E = 0) is another input number, from which mean spacings for 
the higher partial waves are automatically generated via the Bethe for
mula (cf. e. g. [14]) 

2 2 
D-U exp [- ^] - exp [- ^^^ ] (6) 

^ 2o^ 2o^ 
The energy dependence of strength functions and distant-level parameters 
is neglected. Width fluctuation factors are calculated following Moldauer 
[16] because in contrast to [11] his prescription works also for low 
energies and few (down to one) particle channels. Prior information from 
the resolved resonance region (s-wave parameters mainly) and from global 
systematics (optical-model strength functions and distant-level para
meters for higher partial waves, fission barrier parameters etc.) in the 
form of starting values and associated uncertainties is injected into the 
fit via Bayes' theorem as explained in [17]: The prior probabilities for 
the parameters are taken as normally distributed around the starting 
values with standard deviations equal to the inprt uncertainties. The 
resulting extended least-squares formalism [17] is implemented in the 
FORTRAN code FITACS (Fit Average Cross Sections). The formalised in
clusion of prior knowledge constrains parameter variations to reasonable 
domains and has dramatically improved convergence of the fits. The code 
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is a convenient evaluation tool capable of refining calculations based on 
global recipes, finding average resonance parameters that are consistent 
with both resolved and unresolved data and also the optical model, and 
generating complete sets of average cross sections in the unresolved 
resonance region for the KEDAK file. Fig. 4 shows the average capture 
cross section of "̂"̂ Am obtained in a FITACS fit using prior informa
tion from resolved resonances and from our optical model. The predictive 
power of the method can be seen from Fig. 5. It shows the inelastic 
scattering cross section curve obtained in a comprehensive fit to total, 
capture and inelastic scattering cross section data for ^^'U prior to 
the precision measurement of Winters et al. [25] (also shown). 
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Fig. 1 - Predicted and measured [5] total cross sections for ***Am+n. 
Above 200 keV the global HAUSER calculation was adopted for KEDAK, below 
it was replaced by a FITACS fit which includes information from resolved 
resonances and from unresolved fission and capture data (see Fig. 4). 
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Fig. 2 - Calculated and measured [18] differential elastic scattering 
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Discussion 

QUESTION: F. Corvi 
Did I understand right that in your FITACS code the values of the strength 
functions are kept constant? 

ANSWER: F. Froehner 
They are adjusted, but their energy dependence is neglected - which is 
justified below ~ 200 keV as the figure with the ^^^U strength functions 
illustrates. 

QUESTION: E. Menapace 
What governs the adjustment of mean parameters in the unresolved region by 
the FITACS code? Physical constraints should be taken such as of reproducing, 
within the error limits, the average parameters from resolved resonance 
statistics. Are these constraints included in the fitting algorithm? 

ANSWER: F. Froehner 
Yes, they are. The prior probabilities are taken as Gaussians with standard 
deviations equal to the uncertainties (1 o) of the level-statistical parameters, 
e.g., Ty, extracted from the resolved resonance parameters (or obtained 
from optical-model calculations, if the prior knowledge comes from those). 

QUESTION: A. B. Smith 
A. Can you calculate the observed anisotropy of U-238 (n,n') at K 82 
keV as observed? 

B. At 500-600 keV the U-238 (nn') cross section is s; 1.6 - 1.75. What 
is the result of your calculation at comparable energies? 

ANSWER: F. Froehner 
A. The FITACS code can calculate only angle-integrated elastic and inelastic 
scattering cross sections. 

B. We did not calculate above 250 keV but, if I remember correctly, 
extrapolation to 500 keV of the curve below 250 keV indicates a value about 
30% lower than those quoted by you. 
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THE USE OF ABAREX FOR NEUTRON CAPTURE CALCULATIONS 

by 

P. A. Moldauer 
Argonne National Laboratory 
Argonne, Illinois, USA 

I. Introduction 

ABAREX is an optical-statistical model program for the calculation of 
energy averaged neutron induced nuclear reaction cross sections. The 
program uses the optical model algorithm of ABACUS^ and the statistical 
model method of NEARREX^ with many improvements and modifications. The 
input and output are designed to be convenient for the user and the program 
utilizes dynamic storage allocation which avoids fixed limits on the sizes 
of the various arrays. The program requires 250K storage in the IBM 370 
system in its present configuration. Additional storage can easily be made 
available. For optical model parameter fitting, the program uses the 
subroutine LMDIFl of the MINPACR-1 package of subroutines for the solution of 
nonlinear least square problems.^ No detailed description of the program 
will be attempted here. The capabilities and uses of the program will be 
outlined with special reference to neutron capture cross sections. 

II. ABAREX INPUT 

The input is arranged on uniform format card images. Meanings of 
the entries on each card are identified by keywords. All entries are 
defaulted and only those keyword cards whose entries change default values 
need to be entered. Information in the following categories can be entered. 

1. Optical Model. Up to 15 parameters can be entered. 

2. Discrete Target Levels. Energies, spins and parties. 

3. (^ntinuum Level Density. Temperature, energy shift and spin 
cut-off parameters. 

4. Gamma Ray Channels. Can be described by transmission factors, by 
the strong coupling Weisskopf formula, or by specifying one giant 
dipole resonance energy and width. The latter two methods are 
normalized to slow s-wave TT/D. 

5. Fission or Other Competing Channels* Must be specified by 
transmission factors. 
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6. Statistical Model. Channel width fluctuation degrees of freedom 
can be entered or, for neutron channels, calculated from transmission 
factors by formula.*+ 

III. ABAREX OUTPUT 

The following cross sections and other measurable parameters can be 
calculated in ABAREX. A weighted chi-squared or least squares fit to data 
can be performed for any or all of the underlined quantities simultaneously 
and simultaneously at many energies by searching out some or all of the 
optical model parameters. 

1. Total Cross Section. 

2. Absorption Cross Section. 

3. s and p Wave Strength Functions and R'. 

4. Integrated and Differential Shape Elastic Cross Section. 

5. Integrated and Differential Compound Elastic Cross Section. 

6. Integrated and Differential Elastic Cross Sections. 

7. Integrated and Differential Inelastic Cross Section to Individual 
or to Desired Combinations of Discrete Levels. 

8. Integrated Inelastic Cross Section to Continuum Levels. 

9. Gamma-ray Production. 

10. Radiative Capture. 

11. Fission and Other Cross Sections for which Transmission Factors 
are Supplied. 

The radiative capture cross section is obtained by computing for the 
endpoints of the first gamma ray spectrum the probabilities of neutron 
remission from the compound nucleus and subtracting this from the gamma-ray 
production cross section.^ 

IV. A SAMPLE NEUTRON CAPTURE CALCULATION 

The following pages reproduce a portion of the output of a capture 
calculation for 23Sy from 0.02 MeV to 4 MeV which is based upon parameters 
used by W. Poenitz.^ The first page reproduces the input deck. First there 
are two cards specifying the real and imaginary potentials, their depths, 
together with linear and quadratic energy dependences, radii in rA~l/3 and 
diffusenessed. A 7 MeV real spin orbit potential is specified. Next is a 
LEVELS card that specifies 22 discrete levels and a continuum level density 
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starting at the highest discrete level and derived from a fermi gas tempera
ture of 0.4 MeV, a shift of -0.25 MeV and a spin cutoff of 5.93. The 
energies, spins and parties of the 22 discrete levels follow. Next is a 
CAPTURE card whose entries are explained in the next portion of the output. 
The SCAN cards specify Che energies at which calculations are to be made and 
the COMPUTE card initiates the computation. 

Next on the first page of printout is a section that reproduces the 
input deck. Mass numbers and optical-model potential and integration 
parameters are printed, followed by parameters describing the radiation 
channels. 

The next two pages reproduce the printout for the calculations at 1.0 
and 2.0 MeV. In the second case parameters describing the target level 
continuum core printed. Among these is the total level density at the onset 
of the continuum, which is, useful for checking the reasonabless of the 
parameters. The excitation cross sections for all discrete levels are 
listed under a compound excitation.^ All other integrated cross sections 
should be self-explanatory. Calculation and printout of angular distribu
tions has been suppressed in this example. 

In Fig. 1 the results of this calculation are compared with the data 
points drawn by Poenitz.^ The solid heavy curve gives the capture cross 
section. The broken heavy curve gives the gamma ray production cross 
section. Above 1 MeV these calculations are uncertain because of the 
uncertainties in the gamma ray transmission strengths, the target level 
density, and the continuum level density which affects the difference 
between the gamma ray production and the capture cross section. Neverthe
less it is possible Chat the difference in shape between the calculated and 
measured capture cross sections above 2 MeV indicates that the direct 
capture processes, which are ignored in Chese calculaClons, are beginning Co 
be imporCanC. 
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ABAREX 

IKFUT DECK : 

REAL 1 35.7920 
ItiAG ^ 22.9130 
LEVELS 22 92.0000 

0.0 
0.0̂ 't9 
O.I^SO 
0.30S0 
0.6S00 
0.7320 
0.8270 
0.9270 
0.9310 
0.9500 
0.9660 
0.9660 
0.9930 
0.9930 
1.0370 
1.0550 
1.0600 
1.1060 
1.1270 
1.1290 
1.16C0 
i.i&:o 

0.0 1 0 
2.0 1 0 
^.0 1 0 
6.0 1 0 
1.0-1 0 
3.0-1 0 
5.0-1 0 
0.0 1 0 
1.0-1 0 
2.0-1 0 
7.0-1 0 
2.0 1 0 
0.0 1 0 
3.0-1 0 
2.0 1 0 
'•.O 1 0 
2.0 1 0 
3.0 1 0 
4.0 1 0 
2.0-1 0 
4.0 1 0 
3.0-1 0 

CAPTURE 92 0.0011 
SCAN 
SCAN 
SCAN 
CCnPUTE 

1 0.0200 
1 0.2000 
1 2.5000 
0 0.5000 

-0.2500 
0.4000 
0.0 

1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.C3 
1.00 
1.00 
1.00. 
1.00 
1.00 
1.00 
1.00 

4.8070 
0.0200 
0.2000 
0.5000 

253.0510 

0.0 
0.0 
0.0 

70.0000 
0.1000 
2.0000 
4.0000 
0.0 

1.4S49 
1.362S 
0.4000 

0.0 
0.0 
0.0 
0.0 
0.0 

0.3368 
0.20S7 
-0.2500 

6.6000 
G.O 
0.0 
0.0 
-1.0000 

7.0000 
0.0 
5.9300 

25.0000 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 

4.0000 
0.0 
0.0 
0.0 
0.0 

MASS NU!^BERS(TARGET/PROJECTILE) =238.051000/ 1.008665 

OPTICAL MODEL PARAMETERS : ASYHPTOPIA= 15.0000 FM 

TYPE DEPTH IE) (E»E) RADIUS DIFF. 

REAL 
IMAG 
S.O. 

1 
4 
1 

35.7920 
22.9130 
7.0000 

-0.2500 
0.4000 
0.0 

0.0 
0.0 

1.4S49 
1.3628 
1.4849 

0.3368 
0.20S7 
0.3368 

VIVOL 

0.0 

301 POINTS 

C2 

0.0 

RADIATIVE CAPTURE INTO COMPOUND NUCLEUS 

A=239 Z= 92 N=147 4.807 MEV NEUTRON BINDING 70.00 RADIATIVE D. OF P. 

NORMALIZED TO SLOW S-WAVE NEUTRON GAMMA WIDTHS/SPACINGS = 0.1142D-02 

El GIANT RESONANCE AT 12.78 MEV HIDTH= 6.60 MEV EXCHANGE FRACTION=0.50 

SIGMA= 4.000 

BLACK NUCLEUS SECOND CHANCE NEUTRCtI CHANNELS 
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NO. 10 tfjrSGY.lACOnATCY/C.M. I 1.000000/ 0,995731 IttV lAlTDA-rA? - 0.45717 SG?T-CAPM 

HCUTPCN CHit.Tii:L WIDTH FLUCTUATIOH OrOrEEG OF rntCOOri APE COtr'UTEO IIITEnnALLY. 

LEVEL 

1 

3 
4 
5 
6 
7 
i 
9 
10 
11 
12 
13 

GrOUP 

1 

3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 

TARGET LEVELS 

ENERGY 

0.0 
0.0449 
0.14S0 
0.3020 
0.6SC0 
0.7320 
0.SC70 
0.5270 
0.9310 
0.95C0 
0.9560 
0.9650 
0.9930 

SP:N 

0.0 
2.0 
4.0 
6.0 
1.0 
3.0 
5.0 
0.0 
1.0 
2.0 
7.0 
2.0 
0.0 

PAr 

-1 
-1 
-

-* 
-
-

ITY HEIGHT 

1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.C0 
1.00 
1.00 
1.00 

HAXUIUM NEUTRttN L VALUE,(RANGE OF TOTAL J VALUES) 6. ( 0.5, 5.5) 

INTEGRATED CPOSS SECTICtiS IN EARNS 

TOTAL = 7.13709 
AESOAPTIOH = 3.60153 

SHAPE ELASTIC = 3.53556 
TOTAL ELASTIC = 4.47024 

COMFOUO EXCITATIO.NS = 0.95468 
0.00000 

N-GJMMA = 0.13197 
RADIATIVE CAPTURE = 0.12382 

TOTAL CCMrOUO = 3.60152 

1.14024 
0.04152 

0.56450 
0.0043S 

0.05430 0.32461 0.20578 0.00791 0.04172 0.0S770 0.C6193 
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NO.15 ENERGy(LABORATORY/C.H.) 2 .000000/ 1.991551 MEV LAMBDA-BAR 0.32327 SGRT-BARN 

NO WIDTH FLUCTUATION CORRECTION 

TARGET LEVELS 

LEVEL 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
13 
19 
20 
21 
22 

GROUP 

1 

3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
IS 
19 
20 
21 
22 

ENERGY 

0.0 
0.0449 
0.14S0 
0.50S0 
0.6500 
0.7320 
0.8270 
0.9270 
0.9310 
0.9500 
0.9S60 
0.9660 
0.9930 
0.99S0 
1.0370 
1.0550 
1.0600 
1.1060 
1.1270 
1.1290 
1.1680 
1.1690 

SPIN PARITY WEIGHT 

0.0 
2.0 
4.0 
6.0 
1.0 
3.0 
5.0 
0.0 
1.0 
2.0 
7.0 
2.0 
0.0 
3.0 
2.0 
4.0 
2.0 
3.0 
4.0 
2.0 
4.0 
3.0 

1 1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 

TARGET LEVEL CONTINUUM STARTS AT 1.17 MEV 

LEVEL ^ENSITY PARAMETERS: TEMP. = 0.400 MEV EO = -0.250 HEV 

AT 1.17 MEV, COMPUTED TOTAL LEVEL DENSITY = 86.82/MEV 

OPTICAL MODEL CONTINUUM CHANNELS 

MAXIMUM NEUTRON L VALUE,(RANGE OP TOTAL J VALUES) = 7, ( 0.5, 6.5) 

SIGMA = 5.930 

INTEGRATED CROSS SECTIONS IN BARNS 

TOTAL = 
ABSORPTION = 

SHAPE ELASTIC = 
TOTAL ELASTIC = 

COMPOUND E>XITATIONS = 

CONTINUUM LEVELS = 
N-GAMMA = 

RADIATIVE CAPTURE = 
TOTAL COMPOUND = 

7.30618 
3.25^9 
4.04729 
4.11952 
0.07223 
0.00112 
0.03494 
2.17426 
0.05398 

0.03171 
3.25859 

0.11363 
0.0734S 
0.03355 

0.07503 
0.G2377 

0.01S47 
0.04019 

0.05009 
0.06919 

0.04971 
0.04059 

0.01449 
0.06777 

0.02495 
0.05631 

C.04545 
0.03692 

0.04905 
0.041SS 
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Fig. 1. 238u Neutron Capture Data from Ref. 6. Heavy solid curve is 
calculated capture cross section. Dashed curve is gamma ray 
production cross section. 
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Discussion 

QUESTION: D. Gardner 
I have two questions concerning the (n;Y,x) correction to the capture cross 
section. First, does your latest code make the correction as it was done in 
your NEARREX code where for each Jir compound state you determined the 
excitation energy at which 

pJTT̂  J,Jir, 
n Y 

The second question is, do you include the (n;Y, fission) correction to the 
capture cross section in fissile nuclei? 

ANSWER: P. Moldauer 

ABAREX calculates the ratio of the probabilities for neutron and photon 
emission in 200 keV bins of the calculated first gamma ray spectrum. The 
answer to the second question is no. 

QUESTION: F. Froehner 

Is the optical potential used in ABAREX always taken as spherical? 

ANSWER: P. Moldauer 
Yes. 
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TOTAL >-RAY SPECTRA AND ISOMERIC RATIO CALCULATIONS 

IN FAST NEUTRON RADIATIVE CAPTURE 

by 

Gianni Reffo 

CSR "E.Clementel" E N E A Via Mazzini 2 Bologna 

Italy 

Abstract 

Estimates of total Y-ray spectra and isomeric ratios have 

been attempted in the framework of the optical and statis

tical models for neutron radiative capture. The role of 

optical model, of Brink-Axel and Weisskopf assumptions as 

well as of the most imporCanC parameCers have been inves-

tigated. 

The results of these calculations satisfactorily agree with 

experimenCal information in all cases considered. 

Spectra calculations were used in relative neutron capture 

measurements for correction of systematic uncertainties due 

to non-linear efficiency of the Moxon-Rae detector. Data on 

the calculated total Y-ray spectra and the corresponding 

integrated cross sections are shown for the isotopes investi

gated. The impact of parameters involved is discussed. 

I. Introduction 

Total spectrum of Y~î 3y emissions and total cross section for excitation 

of discrete levels via Y~decay is expensive information from the experimental 

as it is complex from the calculation view point. It is, however, required for: 

several fusion cross sections, where o„ e o„ are needed for various reactions; 
» m g » 

to solve branching problems in build-up chains in reactors and in nucleosynthe
sis studies in stars; for resonance and low-level spin assignments; etc. 

Recently ^ ' spectra calculations have been used to correct sysCemaCic 
uncertainties due to the non linear efficiency of Moxon-Rae detectors. 

One of the earliest attempts to give a detailed description of the Y'cas-
cade process was made with the CASCADE code by Poenitz ^̂ ^ in 1966. Renewed 
interest, in view of the increasing importance of this information has led to 
careful studies of model parameCerization and the energy dependence of Y-ray 
intensities ^5-8), 
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(1-3) 
In this paper results of recent calculations are summarized and 

spectra analyses for different parameter and model assumptions are briefly 

discussed. 

II. The model and the code 

The cascade model adopted has been illustrated in detail in ref. 1,2 and 
will be described here only briefly. Continuum bands are treated like discrete 
levels. For each band spin and parity dependent branching ratios are calculated 
allowing for the competition between E1,M1,E2 transition probabilities which are 
estimated according to Lorentz curve approximations to the respective giant res
onances (GR) and using a Gilbert-Cameron ^"^(GC) level density formula,as para
meterized in ref. (5). 

A split GR model is used for El photon absorption, the Lorentzian para
meters being taken from the systematics of ref.(5). Parameters for Ml and E2 
Lorentz formulae are also taken from systematics (see ref. 3). 

The experimental branching ratios are used for discrete levels. Missing 
ones are estimated assuming single particle state transitions (with E1,M1 tran
sitions dominating) for spherical nuclei and assuming collective transitions 
(with E2 transitions dominating) for collective nuclei. 

These calculations were perfoirmed with our modular master code the 
IDA MODULAR SYSTEM. It is capable of calculating integrated and differential 
cross sections for all reactions possible up to a, 50 MeV incident energies in
cluding most reaction mechanisms, whatever the projectile. As a particular 
option Y-ray cascades may be started at any step of the multiple particle cas
cading emission. 

The main effort of the code is on organization. Cascade events are simul
taneously ordered in as many different ways as there are purposes of the code 
i.e. according to a) stories with the same number of steps in the cascade 
(which allows for calculating cross sections of each Y-ray multiplicity and 
the corresponding partial spectra); b) cascades feeding levels a priori marked 
(for calculating excitation cross sections of marked levels, corresponding 
spectra and isomeric ratios, IR); c) emitted Y energy bands, where single-step 
contributions are lumped according to the respective Y-ray energies (for total 
Y-ray spectra calculations); d) initially a),b),c) are given for any Jn couple 
of the initial decaying level (this can be useful in several investigations e.g. 
either to isolate a),b),c) for given incident angular momentum,!, when the ini
tial level is a compound nucleus one; or to estimate a),b),c) for a given jn 
couple; etc.) ._ 

III. Some results 

In the frame of a cooperation with the Van de Graaff group of KFK Karlsruhe 
an attempt has been made to correct systematic errors of fast neutron capture 
measurements due to the efficiency of Moxon-Rae detectors used, which is not 
exactly proportional to Y-ray energy. 
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93 103 181 197 
The isotopes investigated were Nb, Rh, Ta, with respecC Co Au 

sCandard, and 241/^^ 240p„^ 242p̂ ^ ^^^^ respecC Co boCh '^^Au and 238u standards. 
(Detailed description of experimencal condicions and of calculacion mechods and 

results are given in ref. 1-3 and in ocher concribucions Co Chis meeCing ('0"'')), 

To this end specCra calculations were performed for all CargeC and sCandard 

isotopes. 

In order to achieve best calculation accuracy much care was devoted to the 

involved model parameCrizacion. In particular, optical model parameters were 

determined by ficcing experimenCal daca for: screngCh funcCions S^, S^, S2; 

scaCCering radius R; Oj and neuCron inelascic excicacion of discreCe levels. 

Level densiCy parameters were deduced from mean spacing, D , of neutron reso

nances and from the distributions of discrete levels according to their quantum 

characCerisCics. Finally, parcial calculacion resulcs, like CoCal radiacive widch 

r (Bn,J,n) aC Che neuCron binding Bn, CoCal ^n v » "T ' °n n' *"*̂  ^^ • ̂ '̂ ^̂ ^̂  

possible,were compared Co Che corresponding experimenCal quancicies,in order Co 

verify Che validicy of adopCed parameCers. CalculaCions were CesCed in Che whole 

energy range where experimenCal daCa were available. 

In fig. 1,2 calculaCed neuCron capCures, CoCal Y~ray specCra and isomeric 

raCios are compared Co Che experimenCal daCa. 

In all cases calculaCed neuCron capCure compares saCisfacCorily wich Che 

experimental data. In '^Nb a 5Z valence concribucion musC be added aC 10 KeV, 

which vanishes aC 50 KeV. The calculaCed specCrum for ^ Au also compares 

reasonably well wich experimenc, parcicularly in Che sofCer parC; in Che case of 

182^3 ^\^Q comparison appears beCCer in the harder part of the spectrum. The 

calculaCed isomeric racio vs En for 2^^Am(n,Y) compares well wich Che measuremenCs, 

in absoluce values, buC fails wich Che experimenCal energy Crend. This may be due 

Co large deficiencies in Che discreCe level scheme (a large number of discreCe 

levels are missing and branching ratios are not known). 

In Che case ofUand Pu specCra, dashed lines give Che conCribuCion of El 

Cransicions which prove a large M̂ -*-E2 conCribuCion. 

On Che whole ic was found chac when 238^ £g used as a sCandard Che 

correccion arising from sysCemacic errors is negligible in Che case of ̂ ^̂ P̂u, 

242p^ targeCs. Chi the contrary a correccion faccor of 3Z has Co be applied for 

Pu, 2*^Am and '8lTa targets when ^'^Au sCandard is used. 

Negligible correccion was found for ^^Nb, '̂ -̂ Rh CargeCs wiCh '^'AU sCandard. 

IV. Role of relevanC parameCers 

a) Opcical model parameCers 

The opCical model affects especially those calculations (like for IR 

determination) where Che population probability of initial levels of given spin 

plays an important role and may be sCrongly influenced by Che relacive magniCude 

of strength functions (see ref. 2). 

b) Giant resonance parameters (GRP) 

GRP are involved only in the decay of continuum levels, where in most 
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cases only one type (among El,M1,E2) of transition dominates in each branching 

ratio. Ml or E2 transitions play their role when the other two types are for

bidden. AS a consequence Lorentzian curve parameters do not greatly influence 

these calculations because they all tend to cancel out in the branching ratios, 

whenever Y-ray energies are smaller than the giant resonance peak energy. 

For higher emitted Y-ray energies only peak energy (which is the best 

known) is expected to affect calculations. 

c) Level density parameters 

The result of y-ray cascade calculations greatly depends on the level 
density and level schemes adopted. 

In spite of the encouraging success of recent investigations (especially 
BCS) , the corresponding model parametrizations do not yet offer the same confi
dence level as the systematics for the GC ^ '̂  level density here adopted. 

A theoretical support for the last mentioned approach comes from BCS 
studies (12)^ according to which use of two different formulae becomes necessary, 
neglecting the energy dependence of parameter a. As an example the typical two-
slope trend predicted by BCS for a vs E is shown for ^^^Ba in fig. 3. 

One observes a fast linear energy increase of a vs E below the neutron 
binding, B . This roughly corresponds to excitation energy range of the constant 
nuclear temperature level density GC approach, which is characterized by an 
exponential increase with energy. 

Above B^, after a fast change of slope,the energy trend of "a" becomes 
asymptotic. This range corresponds to the one where the Fermi gas formula of GC 
is applied (which is also characterized by a slower increase with energy). In 
addition the flat behaviour of a vs E above B̂ j gives credit to the practice of 
extrapolating the validity of the a-parameter (as determined from D̂ ^̂  ) to the 
whole energy range above B̂ j. 

The effect of the spin distribution of level density was tested on 241^ 
calculations , by reduction of the spin cut off factor by a factor of 2. This 
produced only slight effects with a shift of the spectrum toward the soft part. 
In addition an increase in IR of 5% was observed. 

As far as the low energy region is concerned large difficulties arise 
where discrete level information is missing (like energy levels, their quantum 
characteristics or branching ratios). 

In the case of the spectrum for gold we have investigated the impact of 
the following assumptions: (i) all known levels (28,in all, up to .571 MeV) are 
neglected, and replaced by the level density treatment ; (ii) all discrete 
levels have been included but experimental branching ratios are replaced by 
theoretical estimates according to sec. II. 

The resulting spectra, dashed and dotted histograms, respectively, are 

given in fig. 4 together with the result of the standard calculation, full line. 

AS can be observed from the figure,hypothesis i) is much too crude and 

introduced severe changes in the energy trend of the spectrum. On the contrary 

hypothesis ii) does not appreciably influence the final result. 

In the case of Americium the influence of the discrete level scheme on IR 

(here=ag(n,Y)/a(n,Y)) calculations has been investigated at 30 KeV, where a 
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value IR«.75 is obtained from standard calculations. 

Skipping half of the discrete level we got 1R-.69, while, by skipping 

the complece level scheme we obCained IR".5. 

No significant difforencc was obstrv^d through replacing E2 collective 

CransiCion probabilicies by El,Ml single particle transition probabilities. 

d) Effect of widch fluctuations 

It was assumed ChaC widch flucCuaCions effects influence only the primary 

Y-ray spectrum. An investigation of the width fluctuation correccion on Che 

primary y'ray specCrum leads Che conclusion chat (exception made for very weak 

Cransicions which are sCrongly enhanced) single cransicion probabilities are 

affected by correction factors very close to that of Che corresponding ince-

gral cross seccion. 

Thus Che whole specCrum is uniformly shifced by widch fluctuation correccion 

factor. 

e) Energy dependence of y-ray intensicies 

Essencially one has Chree Cypes of energy dependence for El Cransicions: 

i) E^ according Co BlaCC-Weisskopf single particle transitions, ii) E^ ac

cording Co Axel, iii) E' according Co Dover eC al.''•'', Arenhovel eC al.^^^), 

Gardner et al.(® ). ^ 

Recently McCullagh et al.^^ ' found experimental evidence for an "^ E^.S 
energy dependence, while Raman (6) verified that validity of Che Brink-Axel 

faypochesis has only a few excepcions. 

The impacc of the above three assumptions has been investigated in Che 

CoCal specCrum calculacion of gold where measuremenCs are available frcmi ref.*-'^'. 

To Chis end fig. 20 of ref.(8) is here reproduced as fig.(5) where we have 

ploCCed, for comparison, our results (hysCograms). The daCa in fig. 5 correspond 

Co Che following incidenC neuCron energies: experimental ones are measured in Che 

incerval .2 4 .6 MeV, Che Cwo full line curves have been calculaCed ^^' aC .2 

and .6 MeV, while Che hysCograms aC .4 MeV. (IC should be noCed ChaC Che spread 

of neuCron energies AE-.4 MeV may affecC Che comparison of presenc calculacions 

especially in Che lasc hysCogram sCep) . 

One observes that Che specCnim from our E^ -calculation ,full line hysCogram , 

well agrees wich Che Gardner eC al,^8) specCrum except for the hard part. This 

seems in contradiction wich Che wrong Crend of Che E^ - calculation (dotted 

hystogram) which clearly favours Che hard cail againsC Che sofc one, as expecCed. 

ExcepC for Che hard Cail of Che specCrum,no remarkable difference is 

observed beCween E^ - and E^ - calculacions (dashed hysCogram). 

On the whole, one may conclude on the beCCer resulCs of Che E^ - law, in 
• • Y 

agreemenc with Che mentioned experimenCal invesCigations. 

As far as Ml and E2 transitions are concerned, there is not sufficient 

informacion for a more Chan CenCative treatment. 

Finally iC musC be noCed ChaC only the Brink-Axel approach allows for 

absoluCe calculacions of F (Bjj,J,n), as shown in ref. (16),(17), provided correcC 

parameCrizacion is adopCed for boCh Che level densiCy and LorenCz-curve. 
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Conclusions 

Spectra and IR calculations are valuable in view of the need for them in 

a number of applications and of the measurement difficulty in the fast neutron 

energy region. 

Recently, spectra calculations offered appreciable help in correcting 

systematic errors of relative neutron radiative capture measurements made with 

Moxon-Rae detectors. 

A number of recent experiments proves the validity of basic assumptions 

adopted for the energy dependence of y-ray intensities. 

A weak point of these calculations remains however the determination 

of reliable level schemes and inherent y-ray branchings when these are not 

measured. In fact, the considerable theoretical efforts in these directions 

proved very useful in understanding nuclear structure, but cannot yet replace 

all cases where experimental information is missing. A possible improvement 

of present calculations may be obtained by the introduction of considerations 

of rotational bands in order to fill the gaps in level schemes and introducing 

K-selection rules in the y-ray transitions '̂"''. 

In view of these difficulties,stress should be laid on the need for 

experts to provide cross section evaluators with appropriate level schemes, at 

least for the cases of recognized interest. 
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Figure Capdons 

Fig. 1 CalculaCed CoCal neuCron capCure cross secCions and CoCal Y~ray specCrum 

ac .1 MeV for '-^Nb,'03Rh, ISIj^ g^e compared with experimenCal daCa and 

wich previous evaluacion. ToCal y-ray specCrum for gold is also given. 

Fig. 2 Like fig. 1 for ^^^Pu, 242pu^ 241^0, Total y-ray specCrum for 238u ig 

also given. 

Fig. 3 Energy Crend of level densicy parameCer a vs exciCacion energy E as 

predicCed by BCS approach. Dashed curve is obCained wiCh an empirical 

fic a"4{l-exp-(YEj,) } where i is asympCocic value and y is a free para

meCer. 

Fig. 4 Standard calculacion of CoCal y-ray specCrum of gold aC 1 KeV is compared 
«n.Ch calculacions obCained skipping all discreCe levels (dashed) and 
skipping only all experimenCal branching raCios (doCCed). 

Fig. 5 Comparison of Che capCure y-rays specCrum of gold wich neucrons from 

.2 Co .6 lleV ^^^' wich calculacions of Gardner eC al.'°' aC Chese Cwo 
energies ,full curve ,and wich presenC calculacions (hysCograms) according 

Co an E3- (dashed), E^- (full line), E^- (doCCed) laws for y-ray 

inCensicies. 
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Discussion 

QUESTION: S. Mughabghab 
What is the sensitivity of the isomeric-cross-section calculations to the 
level density parameter? 

ANSWER: G. Reffo 
Lowering the spin cutoff by a factor of 2 in the whole excitation energy 
range, increases the '̂̂ Âm results by s 5Z. More details are given 
In the text. 

QUESTION: R. Schenter 
Did you calculate Isomeric Ratio Capture for '̂̂ Âm? 

ANSWER: G. Reffo 
Yes - See text. 

QUESTION: D. Gardner 
How do you parameterize the E2 strength in your gamma-ray model? Do you use 
the systematics for the isoscalar giant-quadrupole resonance? 

ANSWER: G. Reffo 
I use the systematics of Bertrand (reference in the Text). In any case, far 
from the peak energy the giant-resonance parameters do not play an important 
role. This is also discussed in the text. 



144 

THE GOLD STANDARD CAPTURE CROSS SECTION FROM 100 keV to 15 MeV 

T B Ryves 
National Physical Laboratory 
Teddington, Middlesex, UK 

Abstract 

The capture cross section of gold is now generally 
accepted as the principal reference standard, and 
therefore in this review only gold is considered. 
Recent measurements of the gold capture cross 
section in the unresolved region are discussed and 
compared with the ENDF/B-V evaluation. It is 
concluded that in the energy interval 100-2000 keV 
the present uncertainty in the evaluation is +8%, 
in the interval 2-3.5 MeV the uncertainty is +}\%, 
in the interval 3-5-14 MeV more measurements are 
needed before a realistic error can be assigned, 
and from 14 to 15 MeV the uncertainty is +^0%. 
Several recommendations for future work have been 
made. 

I. Introduction 

No other capture cross section more suitable as a standard than that 
of gold has been found, and none is better known, and so in this review 
only that of gold will be considered. The capture cross section of gold has 
become one of the basic standards because of its monoisotopic nature, its 
chemical stability and the simple decay scheme of the product nucleus 
formed by neutron capture, which permits accurate p and r detection. 

Numerous measurements up to 1975 have been included in the ENDF/B-V 
evaluation. Since then the most significant set of data to appear is by 
Macklin , covering the continuous energy range 100-2000 keV. In addition 
several other sets of data have been published, and are discussed by 
Mughabghab^ , and the position at 14 MeV has been clarified. 

The ENDF/B-V evaluation is here considered as the 'yard-stick', and 
compared with some recent accurate measurements in various energy intervals 
(100-1000 keV, 1-5 MeV, 14-15 MeV) in order to estimate the present status. 
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Comments are made on some of the published experimental data emd 
significant discrepancies noted, especially between 100 and 1000 keV. Also 
this opportunity has been taken to make several small corrections to the 
old NPL photoneutron measurements, which still carry the highest quoted 
precision of any measurements. 

II. Comparison between ENDF/B-V and recent measurements 

(a) 100-1000 keV 

Several data sets are compared with ENDF/B-V in Fig. 1(a)-(e). 

The fine structure is of course unresolved, but the high resolution 
time-of-flight data of Macklin indicate significant intermediate 
structure, which will clearly be most important to the future more detailed 
evaluation of the gold capture cross section. For example, see Fig.1(d), he 
shows a substantial structure ('cusp') at 279 keV, corresponding to a 
threshold for an inelastic channel. In the energy interval between 130 and 
279 keV the gold cross section decreases more slowly than E~ and then 
very suddenly drops 15J. The prompt capture-J^ data of Le Rigoleur . et 
a l ^ in the same figure and of Fricke et al and Kononov et al in 
Fig.1(e) indicate a similar behaviour, bearing in mind their poorer 
resolution. It is interesting also to speculate that the fine-resolution 
activation measurements of Fort and Brunet shown in Fig.1(c) exhibit the 
same sudden drop in the gold capture cross section, especially if one can 
ignore their 'high' reading at 342 keV. The other activation measurements 
unfortunately have insufficient energy resolution to show any sudden 
changes in gold capture, and are all higher than ENDF/B-V in this energy 
interval. 

In energy intervals where no significant intermediate structure has 
been resolved, there is an evident irreconcilable discrepancy between 
different supposedly accurate data sets. Thus the reliable activation data 
of Paulsen et al in Fig. 1(a) (uncertainty *_ 4Jl) mostly lie ^0% above 
ENDF/B-V. 
Fricke et 
precision (•••2%) measurement of Robertson et al'̂ "' using a photoneutron 
source at 9̂ 6 keV is ^3i higher! The new Macklin data (uncertainty ^ 3-4J) 
generally fall 6-12$ below. At 1000 keV, there is a difference of nearly 
20} between Paulsen et al and Macklin, although the quadratically combined 
uncertainty of the two data sets is *_ 5$. Much other less accurate data lie 
close to the evaluation. We shall further consider the situation in the 
discussion at the end of this paper. 

'. Their results agree very well with the capture-)^ measurements of 
!t al^ ' (uncertainty mostly 4-5i) 3hown,in Fig.1(e). The high 

(7) The recent activation data of Davletshin et al are not likely to 
clarify the situation because they have a markedly different shape to 
ENDF/B-V (ranging from 20% above at 350 keV to 2% below at 1200 keV), the 
individual data points have a large spread (^ 5%), and the total 
uncertainty has not been given. 
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In Table 1 .are listed nine activation measurements at energies close 
to 1 MeV. Assuming that the shape of the unresolved gold cross section in 
this region is closely proportional to E " , all the results have been 
adjusted to an energy of 1 MeV, and one can then take a simple weighted 
mean (without including correlations), which may be compared with the 
ENDF/B-V value of 83 mb. 

As may be seen from Table 1, the Robertson et al measurement carries 
more weight than all the other results combined. Because it lies near the 
average value, it does not much affect the weighted mean except in the 
error. This measurement will be discussed in the next section. In taking 
the weighted mean C the very high result of Miskel et al, and the result of 
Barry, all of whose data lie much above the evaluation over a wide energy 
range, were also excluded. The average of the activation results is about 
^0% above ENDF/B-V. (See discussion). 

(b) 1-5 MeV 

Refering to Fig.2, the behaviour of the gold capture cross section 
between 1 and 2 MeV is not very well established. However from 2 to 3-5 MeV 
there vis good agreement between Poenitz "̂  , Lindner et al , Joly et 
al^^^ and Paulsen et al^^ , and ENDF/B-V. Above 3-5 MeV there exist only 
some old data ' , although fgg^h activation measurements are expected 
from Lund University (Bergqvist ) from 2 to 4 MeV.Their preliminary 
results appear to lie above the evaluation between 2 and 2.4 MeV and then 
fall considerably ("10-20%) below it from 2.4 to 4.2 MeV, with 
uncertainties of +J%. 

(39) The experiment of Gupta et al around 2 MeV appears to be 
exploratory, testing a new method, and is normalised to Lindner et al. It 
is not an absolute measurement. 

(c) 14-15 MeV 

Until recently there was a considerable discrepancy (100/S) between the 
prompt capture-^ and activation cross section measurements (see Table 2), 
due to the contribution to the latter from low-energy neutrons emanating 
from the target materials and room scatter. However several recent 
activation results ' are much lower, and there is now agreement within 
the errors. 

rhe value of the accurate activation measurement made in 1975 by PftO et 
ll is double that of the prompt-^ measurement of Drake et al , ar 
Th€ 

al ••' is double that of the prompt-^ measurement of Drake et al^'^', and 
this huge discrepancy is outside the experimental uncertainties. Two 
possible explanations might be that Peto et al 

(a) included.the near-by ^ Au ( Jr+X-Ray) sum peak in the 411 keVl'-peak 
from '^°Au, ^^^'. ^ 

(b) underestimated the contribution of background neutrons from the 
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accelerator target, by assuming a linear extrapolation in the variation of 
apparent activation cross section with target thickness (see their Fig. 3), 
contrary to the experience of Ponnert et al 

No records are known of any measurements of the gold capture cross 
section above 15 MeV. Activation measurements here would be extremely 
difficult to make, and likely to carry very large errors. 

III. Photoneutron source activation measurements 

Several of the most accurate activation measurements have been made at 
NPL ' making use of the standards there available. In this type of 
experiment the spherical photoneutron source was surrounded by several 
accurately spherical, concentric, very thin shells of gold. The neutron 
fluence was measured to <1} using the manganese-bath technique, the average 
gold activity was assayed to about the same accuracy, (calibrated by 4iry3)r 
coincidence counting), and a Monte-Carlo calculation gave the spectrum and 
effective track-length of neutrons through the gold sample, knowing the 
energy of the primary photoneutrons precisely from the Q value and jf'-ray 
energy. Other important advantages in these measurements are the low 
background contribution from room-scattered neutrons, and the very small 
scattering in the foils. The experimental uncertainty is 2 or 3%, but 
interpretation of the results may be difficult, due to the cross section 
fluctuations (fine structure). From the calculations of Liskien and 
Weigmann ^ a deviation from the average smooth cross section curve of 
*_ 4% could be expected for Sb-Be photoneutrons (22.8 keV), but <+̂  M for 
the Na-Be photoneutrons (966 keV). 

This opportunity is taken to make several small corrections to the 
previous.NPL results. The gold cross section averaged over the Sb-Be source 
spectrum^ ^ should now be reduced by 1.5% to (674 _+ 20) mb. This 
correction consists of 0.5% for the re-calibration of the NPL manganese 
bath to account for a small amount of impurities in the solution , and 
of 1.0% for a revised estimate of the fraction of higher energy (380 keV) 
photoneutrons, from 4.4% to about 3.0% . Using the gold.cross section 
data of ENDF/B-V, and averaging over the Sb-Be spectrum , the average 
gold cross section was 657 mb. The agreement is quite as good as can be 
expected and supports both the evaluation and the validity of the 
photoneutron source activation method. 

The Na-Be photoneutron source measurement at 966 keV should also be 
reduced by 0.5% , becoming (95.7 _* 2.0)mb. Over 60% of the source 
neutrons lie in a rectangular energy distribution of 28 keV total width, 
(952-980 keV), in a region where there is no threshold for inelastic 
neutron excitation of levels in ^ Au. Hence one can expect a very accurate 
'spot' value for the gold capture cross-section, and is placed in the 
almost embarassing position of having produced a result with more weight 
than all the other activation measurements combined. 
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IV. Discussion 

Above 500 keV up to 1500 keV the ENDF/B-V evaluation lies about 
half-way between the most accurate data, the activation measurements of . 
Paulsen et al^ •̂  and time-of-flight capture-/ measurements of Macklin , 
but the discrepancy between these two data sets is well outside the limits 
of error. 

(27) Following a suggestion by Moxon it was ascertained that the 
Paulsen et al data was not in fact corrected for the additional capture 
from multiple neutron scatter in the gold target foil . However the 
thickness of the gold foils used was only 0.5 mm, and an approximate 
calculation shows that the necessary correction is small, decreasing from 
less than 4% at the lowest energy of 200 keV to less than 2% at 1000 keV. 
The overall effect is to significantly improve the agreement with the 
evaluation between 200 and 500 keV, but at higher energies to pull down the 
results only slightly, so that at 1000 keV, the difference is still about 
8%. Paulsen et al were especially careful to apply corrections for the 
extra activity due to low energy neutrons from the target and room-scatter. 
Below 1 MeV they used a hydrogen proportional counter to measure the 
absolute neutron fluence, and at higher energies a proton recoil telescope. 
Jackson has suggested that there might have been a systematic error 
associated with the determination of the fluence using the proportional 
counter, but this seems unlikely because 

(a) the proportional counter was compared with the telescope over an 
energy-overlap region, 

(b) their measurements in the International Neutron Fluencej^Intercomparison 
organised by BIPM agreed well with most other laboratories^ '̂  at 2.2 and 
2.5 MeV. Although at 250 keV they were at least 10% lower than several 
laboratories (NPL,PTB,NBS,CEN), this intercomparlson was misleading due to 
the faulty technique associated with the fluence transfer device used by 
the earlier participating laboratories (no shadow cone was used to 
determine the background). If one considers the available information from 
laboratories who used shadow cones with the transfer instrument (Table 15 
in Huynh's report) one can deduce that their fluence measurement is 
probably in good agreement with, and in any case unlikely,to be more than 
5% lower than, the mean value of the other laboratories . 

The new Macklin data is well below the evaluation over most of the 
range from 100 t^ 2000 keV. We note that the fluence monitor efficiency 
depeî |̂(J on the U(n,f) cross section, which is in doubt. According to 
Bhat this cross section could be somewhat higher around 700 keV, and 
the shape around 950 keV is not well established. Thus it is at least 
possible that the Macklin data could be raised " 5% between 500 and 
900 keV. One also wonders whether systematic errors can creep into the 
complex time-of-flight measurements, which span many decades of energy. For 



149 

example, the use of any neutron beam colliminators or restrictive apertures 
introduce uncertainty into the 'effective neck' and hence area of the 
neutron beam which will vary with neutron energy. An interesting discussion 
of collimators has been given by Gabbard^ . There will also certainly be 
a small varying component of lower energy scattered neutrons. It is also 
usually assumed that the angular distribution of capture-i' rays is 
isotropic for all neutron energies^^ . 

The Robertson et al photoneutron source measurement at 966 keV is 
13% above ENDF/B-V, with an uncertainty of only *_2%. A careful examination 
of the data for this experiment reveals no reason for the large 
discrepancy. Certainly this measurement supports the Paulsen et al results, 
and also agrees well with the activation results gathered together in 
Table 1, although these latter results are not all considered to be as 
accurate as some of their authors would claim. Table 1 has only been 
introduced here to indicate the activation results, and so no account has 
been taken of the many correlations which exist between the data which will 
of course affect their average value. It is at least possible that the 
Na-Be photoneutron spectrum might contain a few more lower energy neutrons, 
originating either from more Inelastic scattering in the source than 
calculated, or from the energetically possible Be(j', ex + n) He 
(Q = - 1.57 MeV) and ^Be(^,«v)^He (Q = - 2.53 MeV) reactions, which could 
explain the high result. However there is no information on this 
possibility, although it is believed that the consequent reduction in the 
cross section would be small. 

The activation measurements of Lindner et al agree reasonably well 
with ENDF/B-V but here one has reservations because: 

(a) the fluctuations of individual data points are much greater than the 
statistical uncertainties, as noted by the authors themselves without 
explanation, 

(b) the absolute uncertainty is not stated, 

235 
(c) the neutron fluence was measured relative to the U(n,f) cross 

section, 

(d) no corrections were made for neutron scatter in the gold or uranium 
foils (assumed equal). 

In view of (a) and (b) an uncertainty of +_ 7% has been assigned to their 
measurements, and (c) might raise their results 5% (as discussed above) 
between 500 and 900 keV, making for reasonable agreement with Paulsen et 
al. 

The capture-J(' results of Poenitz^^' lie almost on the ENDF/B-V 
evaulatlon, and depend for their normalisation on the calculated efficiency 
of the 'Black Neutron Detector' at 1 MeV . There were several 
collimators or apertures used in the experiments which might cause 
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normalisation problems. It is noted that their measurements of gold capture 
and ^^U fission are highly correlated, and the latter results also lie on 
the ENDF/B-V evaluation, so that any increase made in this cross section 
between 500 and 900 keV would automatically raise their gold capture 
results towards the Paulsen et al data. 

The accurate capture-^ results of Fricke et al show remarkably 
good agreement with Paulsen et al over the whole range of energy. 

V. Conclusion 

The unresolved shape of the gold capture cross section from 100 keV to 
5 MeV and 14-15 MeV is reasonably well established. The recent Macklin data 
reveal some intermediate structure, which should be incorporated in a new 
evaluation. The ENDF/B-V evaluation gives a very good mean value for the 
experimental data, but unfortunately some of the best recent experimental 
data show considerable divergence, the activation results of Paulsen et al 
and capture-y results of Fricke et al being about 10% high while the 
capture-^ results of Macklin lie 10% low, at least over part of the energy 
range. 

With possible increases in the Macklin values, and also in the 
U(n,f) cross section, as discussed in the last section, all the 

experimental data considered in this review would tend to converge. In this 
event the evaluation might be raised slightly, up by about 4% at 1 MeV, and 
would then approach the Paulsen et al data and the Robertson et al spot 
value, with a reduced uncertainty. 

Alternatively the Paulsen et al data below 1 MeV could possibly be 
lowered, but not by more than about 5% (as discussed in the previous 
section in relation to their contribution to the International Neutron 
Fluence Intercomparlson), making them consistent with most of the other 
measurements and producing convergence towards the ENDF/B-V evaluation. 

Consequently it seems that the ENDF/B-V evaluation is a very 
reasonable representation of the gold capture cross section, but really 
only accurate to +̂ 8% between 100 and 2000 keV until this discrepancy is 
understood. Thereafter to 3500 keV the evaluation is probably good to +ji%. 
Above this energy up to 14 MeV there is a lack of data, so that no 
realistic uncertainty can be given. Finally from 14 to 15 MeV the 
uncertainty must be +10%. This estimate is more pessimistic than those of 
several other reviews^^^"^ ', where an uncertainty of +̂ 4% is quoted. 

(43) It has been suggested that a discrepancy between activation and 
capture-^ measurements might be expected, due to jj'-ray de-excitation 
through unbound states. Although there is no real evidence for this, many 
of the activation measurements for gold do lie above the capture-<J' data, 
and this possibility should be further investigated. However the excellent 
agreement between two of the most accurate measurements, Fricke et al 
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(capture-^) and Paulsen et al (activation), tend to negate this hypothesis. 

There is clearly a lot of highly correlated data here, and a 
simultaneous evaluation of cross sections is required, including especially 
the ^ U(n,f) cross section. The assessment of absolute uncertainties by 
some authors is obviously far too small, since the discrepancies between 
some results are not adequately covered. This reviewer agrees completely 
with Smlth^^'', that the requirement now is for more accurate measurements, 
with genuine uncertainties of 2-3%, by activation and capture-)^ 
techniques. Measurements to lesser accuracies, eg 5%, will probably have 
little impact. The apparently high result of the very accurate photoneutron 
activation measurement should be explained, and the experiment repeated. In 
addition any fresh data between 3*5 and 14 MeV would be useful. 

The choice of gold as a neutron capture cross section standard is 
clearly favoured because of its excellent nuclear and physical properties, 
as discussed for example in detail by Carlson , who also lists other 
possible candidates. From the activation point of view gold has a few minor 
disadvantages: 

(a) rather a large thermal capture cross section, making it sensitive 
to low-energy neutrons, 

(b) rather a long half-life (2.7 d), so that long irradiations are 
required to produce reasonable activity, 

(c) an isomeric state at 812 keV excitation energy with a 2.3d half-
life, which fortunately is not appreciably populated by neutron 
capture. 

However these disadvantages are not too serious, and no better standard has 
yet been demonstrated. 
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Table 1. Activation measurements around 1 MeV 

Reference E 
keV 

cr 
mb 

Cat 1 MeV 
mb 

Uncertainty 
(ICD % 

Paulsen et al 
Robertson et 
Lindner et al 

(5) 

fi 
(6) 

Ferguson and 
Paul^^^ 

Johnsrud et 
Miskel et al f] 

(10) 
1) 

Grench et al 

.(13) 

(12) 

Cox' 
Barry 

(14) 

985 
966 

{1010 
{1070 
1000 

1000 
{ 990 
{1000 
{ 926 
{1027 
1000 
1014 

92.7 
95. 

{ 77 
{ 85 
97 

90 
{128 
{108 
{ 94 
{ 82.6 
92 
99 

92.0 
94.0 
82.6 

97.0 

90.0 
117.6 

87.1 

7̂  

13 

10 
10 

WEIGHTED MEAN A 
B 
C 

(including all measurements) 
(excluding ref 6) 
(excluding ref 6,11,14) 

92.0 
99.7 

(93.5 
(92.9 
(89.5 

+ 
+ 
+ 

1, 
2, 
2. 

.4)^ 

.1) 

.3) 

mb 
mb 
mb 

10 
5 

a result reduced 0.5% (see next section) 
b uncertainties are probably >1<5' 
c estimated (see discussion) 
d internal error 

Table 2. Cross section measurements, 14-15 MeV 

Reference E 
MeV mb 

Fluence det. Method 

Drake et. (15) 
i) 
(17) 

Leithner^^°^ 
Peto et al 
Schwerer et al 
Magnusson et al 
Ryves and 

Kolkowski 
a Estimated 

(18) 
(19) 

(20) 

14 
14.7 
14.7 
14.7 
14.7 
14.3 

0.94 A 0.09 
< 2.3 
2.0 4: 0.18 
2.1 ± 1.2 
1.09 i 0.23 
1.09 ± 0.10 

Au(n,2n) 
Al(n,o<) 
Al(n,t3<) 
Au(n,2n) 

capture-^ 
activation 
activation 
activation 
activation 
activation 



155 

130 

120 

Si 
110 

E 1 0 0 -

x> 
5; 90 
lu 
b 

801-

o Paulsen + (5) 
° Robertson + (6) 
— ENDF/B-V 

70 

100 300 500 700 
Energy keV 

900 1100 

Fig. 1(a) Comparison of the =:NDF/?-V evaluation oC the capture cross 

section of gold with experl.T.er.tal cata, 100-1 ICO keV. 



156 

a 

130 

1 2 0 -

110-

100-

9 0 -

^ 80 

7 0 -

— 

— 

' 

— 

• 

• 

• / 
• / 

• 
• 

1 1 

v> • 

1 

i 1 

• > 

1 

1 

• 

1 

1 1 

• Lincjner + (8) 
— ENDF/B-V 

( 

• 

t 

• • 

1 1 

— 

1 

• 

— 

0 100 300 500 700 
Energy keV 

900 1100 

Fig. Kb) Co.npa.-̂ ison of the ENDF/B-V evaluation of the capture cross 

section cf geld with experimental data, 100-110C keV. 



157 

> 
Ol 

130 

120 

110 

h 100 

UJ 90 
b 

80 

70 

T 

Fort + U) 
Poenitz (32) 

- ENDF/B-V 

1 
100 300 500 700 

Energy keV 
900 1100 

Fig.lJc) Cocparison zC the iVCF/E-V eval uat icr. cf t.-.e capture cross 

section of gclj with experimental data, 10C-iirc keV. 



130 

158 

> 

120 

110 

100 

90 
o n 

s 
LU 

^ 80 

70 

V Macklin (1) 
• Joly + (31) 
X LeRigoleur t (3) 

— ENDF/B-V 

0 100 300 500 700 
Energy keV 

900 1100 

Fig. 1(d) rompariscn cf the EN'DF/H-V evaluation cf the capture cross 

section of gold with experimental data, 100-1 ICC .<eV. 



159 

130 

120 

110-
PM 

^100 

o 

b 

90 

80 

A Fricke t (41) 
0 Kononov + (42) 

- ENDF/B-V 

70-

± 
0 100 300 500 700 

Energy keV 
900 1100 

F i t . ' s 9 ) l onpa r i scn 

sectio.-". cf a o l i w i f . v ^e r i - . en ta l da ta , ICt -V.^C .<eV, 

capture c r r s s 



160 

Lindner + (8) 
Paulsen +(5) 
Poenitz (32) 
Joly t (31) 
Macklin (1) 

ENDF/B-V 

Energy MeV 

Fig.2 Comparison of the FNDF/5-V evaluation of the capture cress section 

cf gold with experi.-T-.ental data, 1-3-5 MeV. 



161 

Discussion 

QUESTION: R. Howerton 
I would like to ask W. Poenitz what the ^^^U (n;f) cross-section uncertainty 
is In the neighborhood of 700-900 keV. 

ANSWER: W. Poenitz 
I would not expect the ^^^U (n,f) cross section to change over the whole 
energy range by more than 2Z, but around 900 keV there is a step of x lOZ 
in the cross section and there is some uncertainty there, though it is a 
very local problen. It does not explain the imbalance between some of the 
measurements. 

COMMENT: A. B. Smith 
There is a paper from (ieel which specifies what resolution one must have in 
order to avoid uncertainties caused by the fluctuation of the cross section. 

COMMENT: W. Poenitz 
Yes, but this applies only to the lower energy range, it does not bear on 
the problems in the higher energy range. 
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Abstract 

The absorption and activation methods have been applied 
for a long time to systematic studies of fast neutron 
capture cross sections. Both methods are simple in 
principle but difficult in practice. The simplicity 
should ensure a wider use of the methods in particular 
for problems which may be complicated to approach with 
other methods. The difficulties encountered in 
absorption measurements are related to multiple scattering 
and resonance shielding effects. In activation experi
ments the influence of secondary low-energy neutrons 
causes the main problems. 

I. Introduction 

The purpose of the present paper is to review the two methods - absorp
tion and activation methods - applied to measurements of fast neutron capture 
cross sections. Both methods have been used for a very long time and they are 
generally considered to be "simple in principle but difficult in practice". 

The methods have obvious limitations. The absorption technique cannot be 
used in capture measurements when other reactions than elastic scattering and 
capture are possible. In general, the threshold of (n,n') reactions to the 
first excited state gives the upper limit on the neutron energy for which the 
technique should be applied. The activation method is restricted to about one 
third of the stable nuclei which will become radioactive after neutron capture. 
This number is further reduced when, in practice, one has to consider half-
lives and decay modes of radioactive nuclei. 

However, the methods have important merits which deserve proper attention 
in applications of fast-neutron capture. 
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II. Absorption techniques 

When elastic scattering and capture are the only open reaction channels, 
then any absorption method can be used to determine the capture cross 
section. The best known method is thi' .spherical-shell transition method, 
which was used as early as 1936 (1). The transmission, T, is measured for a 
spherical sample either by placing an isotropic neutron source inside the 
sphere and the neutron detector outside or vice versa (Fig. 1). The relation
ship between the transmission and the absorption cross section has been 
discussed in detail by Bethe et al. (2) and Beyster et al. (3). The physical 
idea is simple. The transmission is defined by 

count rate (sphere on) 

count rate (sphere off) 
(1) 

With only elastic scattering in the shell, T will be unity because of the 
spherical symmetry. In the presence of absorption, o^, the transmission for 
thin shells is given by 

= p-"0a('^2-'^0 (2) 

since elastic scattering again would have no effect. Here, n is the number 
of atoms/cm-̂  in the shell, r̂  is the inside and r2 the outside radius of the 
shell. However, for thicker shells one must consider multiple scattering 
events in the shell. If Pi, ?2 and Pn, are the probabilities that a neutron 
will enter the detector after one, two or more elastic collisions then 

source detector 

Fig. 1. Schematic arrangement in a spherical-shell transmission 
measurement. 
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a a (l-PJd-Pja 
(,.T) = (,-IJ^(,.^(,-P).^_—j^} (3) 

t t t a s m o 

where O^ and O are the elastic and total cross sections, respectively. The 
probabilities, P£, are general functions and have been evaluated (2) as 
functions of ri/r2 and naj^(r2-rp. 

The great advantage of the shell-transmission method is that absolute 
values of a^ are obtained from neutron transmission measurements into which 
enter neither the neutron flux nor the detector efficiency. The method is 
limited to energies below the threshold of inelastic scattering, because, in 
general, the lower-energy secondary neutrons will significantly disturb the 
measurements. Early applications to capture cross section used a Sb-Be 
photoneutron source which yields 24 keV neutrons. 

The drawback of the method is that rather thick samples must be used in 
order to determine the transmissions with sufficient accuracy. For example, 
Schmitt and Cook (4) in their early experiments at 24 keV used two gold 
spheres of shell thicknesses 1.7 and 2.5 cm. The dominating contributions to 
the uncertainties in the observed value of a come from the corrections due 
to multiple scattering and resonance self-shielding effects. The contribu
tions are relatively large (about 10%) and roughly equal for the two samples 
which means that rather little information on the magnitude of the correc
tions can be obtained from the measurements. 

The original results of the measurements have later been reanalyzed 
with Monte Carlo-techniques, Some of the results are summarized in fig, 2, 
taken from a review paper by Poenitz (5), The figure shows that the results 
are quite sensitive to the analysis of multiple scattering and resonance 
self-shielding effects. We notice, for instance, that the results of the 
Monte Carlo-analyses(D-J) are somewhat higher than the original results (A,B) 
and significantly higher than the value (C) obtained by Schmitt in a later 
analysis of the data. Nevertheless, it seems that Schmitt and Cook (4) have 
quite well estimated the uncertainties of the original values. The agreement 
with more recent activation results (K,L) is also reasonably good. 

The difficulties related to multiple scattering and resonance self-
shielding have discouraged a more general application of the spherical-shell 
transmission method. We must recognize, however, that the original measure
ments by Macklin et al. (11), Schmitt and Cook (4) and by Belanova et al, 
(12,13) have been very important in establishing the absolute cross section 
at 24 keV for a number of nuclei. To my knowledge the only recent work that 
has been reported is the very extensive study by Dietze (14) on the capture 
cross section of -̂̂ °U in the energy range 215 eV to 100 keV. The experiment 
was performed at Dubna with neutrons from the pulsed fast reactor IBR-30 and 
with a battery of -'He-detectors inside spherical shells of enriched -̂̂ Û, 
The time-of-flight technique was employed with a 1000 m flight path. A very 
thorough investigation was made to experimentally determine various sources 
of systematical errors. For example, the transmissions were measured for five 
shells ranging in thickness from 7,5 mm to 18,5 mm and of various inner and 
outer diameters up to 330 mm. The cross sections were determined at 24 and 
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Fig. 2. Results for the capture cross section of Au at 24 keV as 

reviewed by Poenitz (5). The original spherical-shell trans
mission results (A) are denoted A (for the 1.7 cm thick sample) 
and B (for the 2.5 cm sample), C represents a recalculated value 
by Schmitt (6), D-J are values from Monte Carlo-analyses by 
Bogart, Semler (7) and Froehner (8). Also shown are the results 
(K,L) of activation measurements by Ryves et al. (9) and Pauw (10) 

and 30 keV as well as average group cross sections. The values at 24 and 30 
keV are 505 ± 30 mb and 475 ± 30 mb, respectively, i.e. the relative 
uncertainty is about ±6%. The group cross sections are obtained with an 
accuracy of about 5Z. Dietze concludes that improvements of the experimental 
method may be made and an accuracy of about 3Z might be achieved. 

Recently, Pavlenko and Gnidak (15) have proposed a new method for neutron 
absorption cross sections. The method was applied to measurements with 2 keV 
neutrons obtained from a Sc-filtered beam from a reactor. The experimental 
arrangement is illustrated in fig.3. The collimated beam falls onto a 
scatterer with negligible absorption and a sample for which the absorption 
cross section is to be determined. In the present case a disk of teflon with 
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neutron detector system 

I B 
beam collimator 

c:> 

Fig, 3, Experimental arrangement for measurements of 2 keV absorption 
cross sections (15), 

a transmission T = 0,75 was utilized. The neutron detector system consisted 
of a battery of %e-counters (45 detectors). The length of the detector 
system was 50 cm, the distance from the detectors to the sample and scatterer 
is 5 cm and between the sample and the scatterer 7 cm. Thus, the detector 
geometry is nearly 2 TT. The measurements consist of a number of short runs 
and after each run the target holder is rotated 180° in order to interchange 
the position of the scatterer and sample. Measurements were also made with 
either the scatterer or the sample in the two positions as well as with an 
empty target frame to determine the background. The absorption cross 
section can then be expressed in terms of measured quantities except for a 
term which is proportional to the relative difference 6(e)/£, of the neutron 
detection efficiency, e, for neutrons scattered from the scatterer and the 
sample, i,e. 

6(e) _ £(scatterer)-£(sample) 
£ e(scatterer) 

(4) 

It is stated that this term may be determined with an accuracy of about 1%, 
A larger uncertainty, about 5%, is estimated for the contribution of neutrons 
above 2 keV, The influence of these neutrons was determined by placing a Mn 
disk in the neutron beam. Further studies will be carried out to verify 
whether this estimate is correct or not. Moreover, corrections have to be 
made for multiple scattering and resonance self-shielding. 

In conclusion, the independence of the spherical-shell transmission 
technique or of other transmission methods from the neutron flux and 
detection efficiency warrant future usage in particular to cases where 
absolute cross sections are difficult to measure with other methods. The 
principle problems are the effects of multiple scattering and resonance 
self-shielding. The state of the art seems presently to be that absorption 
cross sections may be determined with an accuracy of about 5%. 
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III. Activation techniques 

The experiment consists of the irradiation of a sample and a subsequent 
measurement of the induced activity. Some of the early experiments with fast 
neutrons were performed with unmoderated rission neutrons like the very 
well-known systematic studies by Hughes et al. (16,17) performed more than 
30 years ago here at Argonne at the heavy-water moderated reactor. In later 
measurements monoenergetic neutrons have mainly been used, produced by the 
Li(p,n)'Be reaction for energies up to 650 keV and by reactions among the 
hydrogen isotopes, e.g. T(p,n)3He, D(d,n)-'He and T(d,n)^He, for energies up 
to 20 MeV. 

The irradiation geometry varies considerably from one experiment to 
another. This may be illustrated by the arrangements used in three of the 
most important activation measurements up to now. In the first extensive 
measurements with monoenergetic neutrons by Johnsrud et al. (18) the samples 
were made in the form of cylinders, 2.5 cm long and 3.2 cm inside diameter 
and placed about 8 cm from the neutron source. The samples were fitted onto 
a cylindrical fission chamber. In a later experiment, Menlove et al, (19) 
irradiated a stack of four samples (^^tia, ^^Mn, '^In and ^"^Ho) sandwiched 
between Al-foils. The whole batch was mounted inside a fission chamber 
about 3 cm from the neutron source. In a more recent experiment conducted by 
Lindner et al. (20) sample foils were attached to spherical Styrafoam shells 
surrounding the neutron source. One shell had a radius of 10 cm and another 
20 cm. The foils were placed at selected angles to achieve a selection of 
neutron energies from the T(p,n)-*He reaction for each incident proton energy. 

The measurements of the induced activities can generally be made with 
good precision. In some favourable cases (see for example ref. 5) high-reso
lution Ge(Li) spectrometers and 4TT8-Y coincidence techniques are capable of 
achieving an accuracy of better than 13J. In the early measurements (see 
ref. 18) the activity from thermal neutron capture was frequently measured 
in addition to the measurements at higher energies. Likewise, the fast and 
thermal neutron fluxes could be measured with the same neutron counter e.g. 
^^^u fission counter (18,19), In these cases the cross section results are 
independent of the absolute neutron flux and detection efficiency. The 
results depend on the ratio of the 235u fission cross section at the two 
energies and on the thermal capture cross section. 

The principle difficulty in activation measurements of fast neutron 
capture cross sections is the presence of low-energy neutrons. The contamina
tion is particularly serious in measurements at higher neutron energies 
because of a combination of different effects. The low-energy neutrons are 
produced in processes like (n,n'), (n,2n), (n,pn) in the sample itself, in 
structural material near the target-sample vicinity and in the room walls, 
etcetera. The cross sections for the production of these secondary neutrons 
tend to increase with the energy of the primary neutrons. These processes 
strongly degrade the high-energy neutrons into an energy region where the 
capture cross section is much higher. 

This problem was recognized (21,22) more than ten years ago when the 
14-15 MeV cross sections deduced from measurements of the prompt yrays 
were found to disagree badly with the activation results. Since then, the 
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influence of the secondary neutrons has been experimentally established, 
first by Valkonen and Kantele (23) and later by others (24-26). It has been 
found that the activation yield strongly depends on the geometrical condi
tions. With reasonable improvements of the irradiation geometry it is 
possible to greatly reduce the influence of secondary neutrons. It has also 
been observed that the corrections may be determined by systematically 
varying the experimental parameters. Two of the most important parameters are 
the distance between the neutron source (target) and the sample and the sample 
thickness. The influence of secondary neutrons is illustrated below by 
discussing in some detail the dependence of the activation yield on these two 
parameters. 

III.1 Distance dependence 

Let us first consider room-scattered neutrons and secondary neutrons 
from sources outside the sample itself. These neutrons cause an induced 
activity in the sample which can be expressed by 

I 'V a c|) + a^ ^^ •*• ̂ 2̂ *2 ^^^ 

where O is the capture cross section to be measured, a and O are effective 
cross sections for room-scattered and other secondary neutrons, respectively. 
(j), (()> and (^2 ^̂ ^̂  the corresponding neutron fluxes. 

We define the activation yield, Y, as the intensity normalized to unit 
incident flux 

I *1 *2 

Following refs, (23,26) we may define an apparent cross section by 

*1 *2 

%p = ̂  -̂  °1 r ' ̂ 2 r ^̂) 

197 
The capture cross section for Au, for example, at 14 MeV is about 1 mb and 
we estimate a^ = 100 b (thermal neutrons) and 02 = 100 mb (1 MeV neutrons), 
which implies that the three terms in eq, (7) are about equal for <\)^/<^ =10"^ 
and (j)2/(J) = 10~2. Hence, relatively weak contaminations of room-scattered and 
secondary neutrons can seriously disturb the measurements at 14 MeV, The 
influence of these secondary sources is, of course, less at lower energies, 
where the cross section is higher. At 3 MeV for example, the contributions 
are about equal for (J)̂/(j) = 2 - 10 ^, ^2/'^ = 10"''. In any case, the contribu
tions must be determined experimentally. 

In general, the second and third terms will depend on the distance 
between the neutron source and the sample. For simplicity, let us assume 
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that the primary neutrons come from a point source, i.e, 

• (r) 'V' (8) 

The room-scattered neutrons are usually rather uniformly distributed in the 

room and we may assume that 

(C,(r) constant 
(9) 

is valid in the vicinity of neutron source. 

The secondary neutrons arising mainly from (n,2n) and (n,n') reactions 
in the target backing and structural material in the target-sample vicinity, 
will have a distance dependence between the two extremes. One may tentatively 
assume that 
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Fig. 4. Dependence of the activation yield on target-sample distance for 
the reaction ^^^^^(n.Y)'^°In at 14 - 15 MeV (24). 
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2 r 
(10) 

With these assumptions eqs. (6,7) can be written 

Y(r) '̂̂  a + c. r + c r (6a) 

app 
= a + c. C2 r (7a) 

where c and C2 are constants. Hence the contributions of the second and 
third terms may be determined by measuring the dependence of Y(r) - or 

app - on the distance between the neutron target and the sample. Measure
ments of distance dependence have shown that the contributions from room-
scattered and secondary neutrons are indeed large. The results are illustra
ted in figs. 4 and 5 taken from the first systematic studies (23,24) with 
14 - 15 MeV neutrons and in fig, 6 from work in progress in Lund (27) with 
neutrons in the MeV range. 
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Fig, 5, Dependence of the activation yield at 14.5 MeV on target-sample 
distance (23), 
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Fig. 4 shows the activation results for rather large target-sample 
distances. In other respects the experimental arrangement was quite conven
tional at that time. Measurements were made for indium samples with an without 
cadmium foils to demonstrate the importance of thermal neutrons. In early 
experiments with 14-15 MeV neutrons it was customary to wrap the samples in 
cadmium foils to reduce the influence of room-scattered neutrons. However, the 
mfluence of secondary neutrons produced in the sample packet increased, but 
this influence was usually neglected. The apparent cross section observed at 
large distances is more than one order of magnitude larger than the true 
capture cross section, which implies that the contribution of the room-
scattered neutrons dominates. 

85 
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-—-t ,i"'f 
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Effective target-sample distance (mm) 

Fig. 6. Dependence of the activation yield at 2.5 MeV and 3.4 MeV on 
target-sample distance (27). 
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The results for shorter distances are displayed in fig. 5, "Target 
head I" is of a conventional water-cooled type made of aluminium. The 
dashed line was drawn to guide the eye, not to imply a linear dependence. The 
fact is, however, that all observed dependences at such short distances 
reported so far may be represented by straight lines like the dashed line in 
the figure. 

For comparison the results at lower neutron energies are shown in 
fig, 6, The results indicate a contribution from the r^ term, which seems to 
be roughly equal in magnitude at the two neutron energies. It would be 
difficult for several reasons to explore whether or not there is a contribu
tion of a linear term in this case. With the target-sample arrangement 
designed for this experiment we expect that this contribution will be small 
compared with the room-scattered background. 

The conclusion is that the influence of room-scattered and secondary 
neutrons from structural material in the target-sample vicinity can be 
studied by investigating the distance dependence. Provided the diameter of 
the beam spot is small relative to other linear dimensions the dependences 
can be analyzed with relationships like those of eqs. 6a, 7a. 

111,2 Dependence on sample thickness 

Secondary neutrons produced in the sample itself may give rise to a 
substantial contribution in measurements with MeV neutrons. The contribution 
varies roughly linearly with thickness for the disk samples which are 
generally utilized in activation measurements. There are several methods 
available for numerical estimates of the contribution. The Monte Carlo 
technique is an obvious method but there are also analytical methods, which 
are useful. 

About ten years ago, Devany (28) derived a simple recursion formula for the 
contribution of secondary, tertiary etc, neutrons in a sample. In 
applications to some typically cases the applied formula for escape proba
bilities is valid for an infinitely wide, thin slab. Tertiary and higher 
order groups were described by a single group. The corrections to the 
capture corss sections for 1,3 mm slabs of -̂̂ Nb, W and 238y ̂ ere evaluated 
to be 2 - 6% of the true cross section at 1 MeV and of the order of 100% at 
6 - 7 MeV, The correction was also shown to vary regularly with sample 
thickness. 

1 on 
The experimental results are exemplified by measurements at 14,5 MeV 

^'1 samples, fig. 7, by Valkonen and Kantele (23) and at 3,4 MeV on ^^^In, 
fig. 8 (27). The measurements on 127x were made with "target head II", which 
was specifically designed as a low-mass head for the experiment. It was 
estimated that this target head contributed about 0,1 mb to the cross-section 
values. The results obtained at 3.4 MeV are compared with calculations similar 
to those of Devany (28). The diameter of the sample was 1,0 cm, which is 
small compared with the mean-free-path, and the expression for the escape 
probability for an infinitely wide slab is not valid. Instead, formulae 
derived by Carlvik (29) were used in the estimation of the average probability 
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Fig. 7. Dependence of the activation yield at 14.5 MeV on sample 
thickness (23). 

that neutrons produced uniformly and isotropically in the sample will make 
collisions on their way out of the sample. 

The results show a rather strong thickness dependence even for very 
thin samples. In general, the experimental results may be well fitted by a 
straight line, but the calculations indicate that the thickness dependence 
should not be precisely linear. 

III.3 Systematics of 14 - 15 MeV capture cross sections 

The results from 14-15 MeV neutron capture experiments may give us 
an idea of how well we can correcC for secondary, low-energy neutrons. 
Fig. 9 reviews the present situation. The general trend of the data seems 
to be that the cross section increases with mass number up to about 1 mb 
at A > 60 and stays constant for higher mass numbers. There is no obvious 
difference between spectrum results obtained from measurements of prompt 
y-ray spectra and from activation results. 
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Fig. 8, Dependence of the activation yield on sample thickness for the 
reaction ^l^In(n,Y)^^^In at 3,4 MeV (27). The solid line 
indicates the calculated contribution of secondary neutrons. 

The review of the 14 - 15 MeV data made ten years ago would show 
quite another picture. The activation results appeared to fluctuate very 
much with peaks in deformed mass regions and valleys for spherical nuclei. 
The highest cross sections were well above 10 mb, i.e. well outside the 
frame of fig, 9, 

The present activation results are taken from a compilation of Wagner 
and Warhanek (30) and some more recent data, meeting the same requirements, 
have been added. Cross section data were accepted in the compilation only 
if necessary corrections for secondary neutrons were made or if it is 
likely that the influence of these neutrons is negligible. The requirements 
eliminates the majority of the activation results measured before 1972, 

The spectrum results are mainly from measurements performed at Ljubl
jana, compiled in ref. 31. A geometrical arrangement was used in these 
measurements that effectively integrates over the yray emission angle. The 
cross sections were obtained by integrating over the spectrum corresponding 
to yr^ys to bound final states. 
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Fig. 9. Experimental capture cross sections obtained from activation 
and prompt yr^y measurements. 

In view of the difficulties encountered in the activation measurements 
one must conclude that the agreement is satisfactory between the activation 
and spectrum results. There are still some inconsistencies in the activation 
results, e.g. for A = 180 - 200, which should be further investigated. It 
should be noted that the agreement between activation and spectrum results 
indicates that Y~ray cascades through unbound levels play a rather insigni
ficant role in 14 - 15 MeV capture. These Y~ray cascades would contribute in 
the activation but not in the spectrum cross section. 
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Discussion 

COMMENT: W. Poenitz 
I would like to make a comment concerning activation measurements. In 
reporting cross-section data, usually half-lifes and branching ratios are 
reported. However, in utilizing the data at a later time, say by an evaluator, 
what really is needed is the sensitivity of the derived quantity to the 
half-life(s). The reported data are usually an average from several measure
ments and not directly proportional to the half-life. 
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ABSOLUTE MEASUREMENTS OF THE FAST NEUTRON CAPTURE 

CROSS SECTION OF ^̂ În"*" 

by 

D.J. Grady,* G.F. Knoll & J.C. Robertson** 
Department of Nuclear Engineering 

University of Michigan 
Ann Arbor, Michigan 48109 

Abstract 

115, ,ii6mii The ** In(n,Y)**'""*In cross section has been absolutely 
determined at neutron energies of 23, 265 and 964 keV. These 
energies are the median neutron energies of the three photo
neutron sources. Sb-Be, Na-CD2 and Na-Be, utilized in this 
work. The measurements are Independent of other cross sec
tion data except for corrections amounting to less than lOZ. 
Independent determinations of the reaction rate, detector 
efficiency, neutron source strength, scalar flux and target 
masses were performed. Reaction rates were determined by 
beta counting of the ^^*°^In decay activity using a 4ir gas 
flow proportional counter. Detector efficiency was measured 
using 4IT3-Y coincidence counting techniques and the foil 
absorber method of efficiency extrapolation for correction 
of complex decay scheme effects. Photoneutron source emis
sion rates were determined by intercomparlson with the NBS-II 
calibrated ^^^Cf spontaneous fission neutron source in the 
University of Michigan Manganese Bath. The normalized 
scalar flux was calculated from the neutron emission angular 
distribution results of the Monte Carlo computer program 
used to model neutron and gamma transport in the source. 
Target mass determinations were made with a mlcrobalance. 
Correction factors were applied for competing reaction acti
vities, neutron scattering from experiment components, room-
return induced activities, spectral effects in the manganese 
bath and the neutron energy spectra of the photoneutron 
sources. Experimental cross section results were normalized 
to the source median energy using energy spectra and cross 
section shape data. The absolute cross sections obtained for 
the ^^*In(n,Y)^^'°'4n reaction were 588±12. 196±4 and 200±3 
milllbarns at 23, 265 and 964 keV, respectively. 
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I. Introduction 

The measurement and intercomparlson of neutron fluxes in the keV 
energy region requires standard neutron cross section data. Traditionally* 
the ^^'Au(n,Y) reaction has been utilized as a standard for neutron capture 
reactions. An alternative is available in the ^^^In neutron capture 
cross section. This isotope exhibits a cross section that is generally 
higher and less energy dependent. The reaction produces an activity 
(iiemij^^ ^^^^ ^ jjgĵf ]̂ ife of 54.12 minutes which compares favorably with 
the often inconviently long ^^^Au half life of 2.695 days. The target 
Isotope is nearly as abundant as ^"Au (95.7% versus 100%) and has in gen
eral, small of short lived competing reactions to consider. 

Past cross section measurements have been performed with the indium 
as a standard. These measurements have suffered from a lack of absolute 
cross section data in the keV neutron energy range. Where the data base 
does exist, discrepancies in evaluated data and experimental results ex
ceed 10% over much of the energy region. In order to effectively use this 
reaction as a standard, more absolute measurements at discrete neutron 
energies, using independent experimental techniques are required. This 
paper discusses the efforts of the Universith of Michigan to contribute 
to this capture cross section data base need. 

II. Experimental Technique 

Nearly monoenergetic neutrons at 23, 265 and 964 keV were obtained 
from three spherical, photoneutron sources for use in the absolute cross 
section measurements of the ^^5ln(n,Y)^^^™^In reaction. The Sb-Be, Na-CDj 
and Na-Be neutron sources consisted of spherically concentric layers of 
gamma emitting core, structure and neutron source material (beryllium or 
deuterated polyethylene). Uniform activation of these sources was 
accomplished by continuous rotation at the axial mid-plane of the Ford 
Nuclear Research Reactor in a thermal neutron flux of approximately 
10^^ neutrons/cm^-s. Table 1 contains a summary of major photoneutron 
source characteristics. 

Activated sources were transferred via a wheeled, lead shield to the 
low-albedo laboratory where both the indium foil activation measurements 
and the maganese bath source calibrations were perfomned. The laboratory 
was equipped with a closed circuit television system and vacuum remote 
manipulators for neutron source handling. One meter thick concrete walls 
provided personnel shielding and a 5 cm thick layer of anhydrous borax lined 
the interior of the 4.2 meter (mean inside diameter) laboratory to reduce 
the return of moderated, room-return neutrons into the experiment package. 
Additional room-return neutron shielding was provided by a 0.076 cm lining 
of cadmium inside the sealed 55 gallon drum which housed the indium foil 
activation assembly and photoneutron source. During activation experi
ments the drum was suspended at the center of the laboratory to take ad
vantage of the fact that any remaining room-return flux would be spatially 
flat over the range of neutron source-indium target spacings. This 
positioning strategy provided the experimental determination of the room-
return flux required in the indium activity correction factor. 
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Indium target foils were manufactured from 99.999Z pure Indium rib
bon. Eight disks with a mean radius of 0.961 cm, a mean thickness of 
0.007 cm and a mean mass of 0.144g were prepared for these capture cross 
section Deasurements. Masses were obtained from mlcrobalance weighings 
before and after each foil activation experiment. Seven source-target 
spacings ranging from 2.1 cm to 9.73 cm (2.43 to 10.04 cm for the larger 
Sb-Be source) were used for each of the measurements to provide the re
quired room-return correction data. Figure I diagrams the indium foil 
holder assembly and its means of attachment to the neutron source well 
which Itself was fastened to the 55 gallon drum. Flux calculation sen
sitivity to the source-target spacing uncertainty mandated a precision 
source positioning device and foil holder assembly design. Fabrication 
of this design was accomplished with a special Jig which assured proper 
aligniaent of all of the critical components. In addition, source-target 
measurements were performed at 18 radial locations using a precision dial 
gauge and gauge blocks. Spacing uncertainties of 0.002 cm were nominal. 
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Figure I. Indium Foil Holder Assembly 

Once activated, the indium foils were transferred to a 4ir gas flow 
proportional counter for beta counting. The detector consisted of two 
identical halves with about 60 cm^ of active volume each. Phosphor-bronze 
anode vires of 0.005 cm diameter were operated at 2000 V and the P-10 flow 
gas pressure was Just slightly over atmospheric. Counting durations 
equaled activation lengths (1-2 hours). 
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Detector efficiency was obtained using 4irg-Y coincidence counting 
techniques. A 2" x 2" Nal(Tl) crystal was added to the beta counting sys
tem. A gamma window set on the predominant 1.293 MeV gamma photopeak was 
used for the coincidence counting. Each of the eight indium foils was 
in turn activated in a thermal neutron flux and counted in the coincidence 
counting configuration to obtain the apparent beta detector efficiency 
(N^/Nv). Correction for non-ideal detector behavior and the complex in
dium decay scheme was accomplished with the foil absorber method of the 
efficiency extrapolation technique described by Baerg(l). In this tech
nique, the apparent beta detector efficiency for an activated indium foil 
is computed as a series of aluminum foil absorbers (20 ym) are placed above 
and below the indium foil. The resulting "K" correction factor of 
0.974±.008 was applied to the apparent efficiency results to obtain the 
final beta detector efficiency for the decay of ^^^™^In. A nominal value 
of 0.554±.007 was obtained. 

After completion of the indium foil activation experiments, each 
photoneutron source was placed in the manganese bath. In the one meter 
diameter bath, the manganous sulfate solution (1.3 g/cm^) was continuously 
recirculated and a small sample stream was drawn off and the Mn activity 
was counted in a Nal(Tl) counting system operated in multiscaling mode. 
Comparison of the bath saturated activity with that induced by a calibrated 

Cf spontaneous fission source resulted in the neutron emission rate of 
the photoneutron source. The ^^^Cf source had been previously calibrated 
in the same fashion against the secondary national neutron standard, NBS-II. 
The ^^^Cf source strength during this work was 3.1 x 10^ n/s. 

A Monte Carlo computer program was used to model gamma and neutron 
transport in the photoneutron sources. An analytic expression for the 
scalar neutron flux averaged over the indium target surface was derived 
based upon the neutron emission angular distribution results of the 
computer program. Flux results normalized to a source neutron emission 
rate of 1 n/s ranged from 0.021 for the narrowest spacing to 0.00084 for 
the widest spacing (0.015 to 0.0008 respectively for Sb-Be). 

III. Corrections and Uncertainties 

Five major correction factors were required for this work. The first 
two resulted in adjustments to the scalar flux calculations. Neutron 
scattering from the various support structures of the experiment were cal
culated using point scatter approximations. A computer program capable 
of modeling the various surface geometries was written to perform these 
corrections. Neutron backscattering from the holder upon which the indium 
foil was placed was modeled separately because of the inability of the 
point approximation to accurately handle the potentially long path lengths 
of backscattered neutrons through the indium foil. A Monte Carlo program 
was written to determine the average path length through the foil of 
backscattered neutrons. Typical corrections to the scalar flux as a result 
of these two scattering corrections were about 4% with uncertainties taken 
to be 20% of the correction. 

Several competing reaction activities are possible. Inelastic scat
tering events (except for Sb-Be) give rise to ^^^™In and ^̂ n̂»In and an 
additional capture event in the 4.28% abundant ^^^In give rise to ^̂ "̂ în 
and In activities. Abundance, neutron energy threshold, beta detector 
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efficiency and half life considerations reduce all but the ^^'"in activ
ities to corrections of less than 0.2X. The ^^'"in activity contribution 
to the total detected activity was computed from cross section data and 
an absolute calibration of the beta counter efficiency for this decay. 
The maximum percentage of total detected activity attributable to the 
^^'"in activity was 2Z and 7X for the Na-CDj and Na-Be cases, respectively. 
Uncertainties were taken as 8Z of the correction due to propagation of 
parameter uncertainties. 

Once all of the counting data had been reduced to saturated ^̂ '"'̂ In 
activity per gram of target, the room-return correction was computed. 
A plot of the saturated activity/target atom versus scalar flux for the 
seven spacings (Figure 2 is for the Sb-Be source) results In a y-axls offset 
which is equal to the room-return component of the activity. The fraction 
of the total activity due to room-return activity ranged from about IX 
to 20Z (±15Z fo the correction) for the narrowest to the %rlde8t spacings. 
The correlation coefficient (r'-.999) for the fit of Figure 2 is strong 
evidence that the room-return flux is spatially flat in the physical 
region In which these experiments were performed. 

. SB-BE ROOn-RETURN DETERniNRTION 

INTERCEPT - ROOn-RETURN CONTRIBUTION 
- 3317, DPS/TflRCET flTOfl 

"•^IIN^llkNtjNrSCRS^n^LUxW*) 3SOO.0O 

Figure 2. Sb-Be Room-Return Determination 

A final correction to reduce the measured cross section to the median 
energy of the photoneutron sources was calculated based upon the ENDF/B-IV 
capture cross section shape and the neutron energy distribution. The 
latter was obtained from the same computer program which computed the 
photoneutron source emission angular distributions. These energy distri
butions are plotted in Figure 3. Corrections were computed as 0.6Z, 5.5Z 
and O.lZ for the Sb-Be, Na-CD2 and Na-Be cases, respectively. 

The major uncertainties were associated with counting statistics and 
In particular with the Indium foil counting and the "K" spectrum correction 
analyses (-1Z). Additional uncertainties related to counting statistics 
included half lives (O.IZ), foil masses (O.lZ). correction factors like 
dead times, chance coincidences and background (0.35Z)t timing of 
Irradiation and counting (O.lZ) and Isotoplc abundance (O.lZ). 
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Uncertainties associated with the scalar flux calculations included 
source-target spacing (max=0.4%), target foil diameter (max=0.23%), 
target foil misalignment (max=0.18%) and Monte Carlo modeling related 
uncertainties associated with the scattering corrections discussed earlier. 

Neutron source calibration uncertainties were driven by several fact
ors. The first was the 0.5% uncertainty in the neutron yield of NBS-II, 
the primary standard upon which all of the calibrations were based. The 
second major uncertainty was associated with the ^^^Cf half life. A three 
year delay between the cross calibration of NBS-II and ^^^Cf resulted in 
an additional 0.5% uncertainty in the ^^^Cf neutron strength. Additional 
uncertainties included correction factors (0.15%), counting statistics 
(0.1%), counting system electronics (0.3%) and photoneutron source half 
lives (0.1%). Correction factors were also applied to the manganese bath 
results to account for the non-uniform factors of parasitic neutron capture, 
bulk leakage, source well absorption, source self-absorption and photoactl-
vation of the natural deuterium content of the bath. Final photoneutron 
source strength uncertainties were all 0.8%. 

IV. Results and Conclusions 

The cross section results for the ^̂ În(n,Y)̂ ^̂ °̂ -̂ In capture reaction 
are 588 ±12, 196 ± 4 and 203 ± 3 milllbarns at 23, 265 and 964 keV, res
pectively. These results are absolute in that they do not depend upon any 
other cross section data, except for correction factors amounting to less 
than 10%. The significance of these measurements is that they provide 
several accurate reference points to locate the absolute value of the more 
easily obtained relative cross section data. In addition, these results 
provide absolute data at neutron energies where few if any other absolute 
measurements have been performed. 
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In the energy region covered by this work, only a few other absolute 
data sets exist. Some of these data, the results of the present work and 
the ENDF/B-IV evaluation are plotted on Figure 4. The quantities In paren
theses are the approximate percent errors and reflect uncertainties at the 
68Z confidence level of one standard deviation. In light of the present 
ENDF evaluation and the other two sets of absolute measurements, these 
results stronaly suggest the need for re-evaluatlon of the 
'^'ln(n,Y)*^ In cross section data base. 
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TABLE 1 
PHOTONEUTRON SOURCE CHARACTERISTICS 

Source 

Sb-Be 

Na-CDj 

Na-Be 

Ganma Core 
Diameter 

(cm) 

2.90 

2.38 

3.01 

Outer Shell 
Diameter 

(cm) 

4.20 

3.60 

3.60 

Gamma Emitter 
Half Life 

(hrs) 

1444.8 

15.01 

15.01 

Median 
Energy 
(keV) 

23 

265 

964 

Initial 
Neutron 
Strength 

(n/s) 

2.3 x 10^ 

1.7 X 10^ 

4.8 x lO' 



186 

MEASUREMENTS AND MODEL CALCULATIONS OF THE 110Cd(n,Y)^^^"^d CROSS SECTION 

by 

D. L. Smith, J. W. Meadows, P. A. Moldauer and W. P. Poenitz 
Argonne National Laboratory 
Argonne, Illinois, USA 

Abstract 

The cross section for the 110Cd(n,Y)^^^™Cd reaction 
has been measured in the energy 0.14 - 1.5 MeV by 
means of activation. Both natural cadmium and ^^°Cd -
and l^^Cd-enriched samples were used in the measure
ments in order to distinguish the capture activation 
reaction from the mcd(n,n')^^^™Cd reaction, which 
becomes involved due to the presence of ^^^Cd in the 
samples. Optical, statistical and gamma-ray cascade 
model calculations were performed in order to explain 
the energy dependence of the capture activation cross 
section. 

I. Introduction 

The ^^^Cd(n,n')^^^™Cd reaction is of interest for reaction dosimetry 
because of its low threshold (ssO.4 MeV), and convenient half life of 
48.6 minM^ However, ^^^Cd has an abundance of only 12.8% in elemental 
cadmium, and a fraction of neutron capture in the 12.5%-abundant ^^°Cd 
results in formation of the same isomeric state of ^^^Cd. This makes the 
m ™ C d activation for elemental cadmium pseudo-threshold in nature, unlike 
fast neutron activation of ^ ̂  ̂ ™In^ for elemental In, which behaves as a 
pure threshold reaction since inelastic scattering from ^^^In is the only 
means for exciting the isomer. This distinction has important implications 
for dosimetry applications. 

The fraction of neutron capture in ^̂ '̂ Cd resulting in activation of the 
isomeric state of ^^^Cd is expected to be small because of the large spin 
difference between compound states of ^^^Cd populated by s,p,d...-wave-
neutron capture by the spin 0 target, '̂̂ '̂ Cd, and the spin of the isomeric 
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state. Measurements of the ^̂ "̂"Cd activation cross section of elemental 
cadmium confirmed this expectation^ (see Fig. l.A). Fig. l.B Indicates the 
response of lUn'Cd activation for 2 35u figslon-neutron emission spectrum. 
It can be concluded that the elemental Cd activation response for hard 
neutron spectra is predominantly ^^^Cd(n,n')-induced, and this reflects the 
threshold nature of this process. However, activation in softer-spectra 
assemblies might have significant contributions from the neutron capture in 
llOCd. Thus, an investigation of ^̂ "̂ Cd capture activation of the Isomer is 
of Interest in this applied context. 

The measurements on elemental cadmium have been described in detail^. 
A more detailed investigation of the ^^^Cd(n,n')1^^Cd and ^^°Cd(n,Y)^^^'"Cd 
reactions in the energy range 0.4 - 1.5 MeV has been performed using enriched 
samples of ^^^Oi and '̂ ^̂ (M**. The present paper will summarize these results, 
emphasizing those aspects of the experiment dealing with capture. 

II. Experiment 

Details of the experimental procedure are reported in Refs. 3 and 4. and 
will only be outlined here. Two (M metal disks 2.54-cm-dla x 0.15-cm-thick 
(~12 g each), one enriched to 97.2Z in ^^^Cd and the other to 96.OZ in 
^^^Cd were obtained from the Stable Isotopes Pool at Oak Rldge^. These 
samples were attached to a low-mass fission chamber (e.g.. Fig. 1, Ref. 6) 
and then placed at zero degree on a beam line at the Argonne National 
Laboratory Fast-Neutron Generator Facility^. The fission chamber was loaded 
with a thin ^^^U-enrlched uranium deposit, and this device was used as a 
relative neutron fluence monitor. Nearly monoenergetic neutrons of variable 
energy were produced by the 'Ll(p,n)^Be reaction^, and the Cd samples were 
located a few cm from this near-point source. The 245-keV gamma rays 
occurring in the decay of mocd^ were detected with a Ge(Ll) detector. 
At least 24 hours (~30 half lives for Uln'Cd decay) were allowed to 
elapse following irradiation of a sample before it was re-used for another 
measurement. This was more than adequate to Insure that no run was affected 
by residual activity from the previous run, even in severe cases where a 
low-activity yield measurement followed a high-activity yield measurement. 

Since the irradiation geometry was fixed, and the two cadmium samples 
were quite similar In shape and atom numbers, it was possible to obtain a 
unique value of the cross section ratio for lUn^Cd activation from ^̂ °Cki 
capture and ^^^(M inelastic scattering at each measured energy. All that 
was required was a precise knowledge of the ^̂ ''(kl and ^^^Cd isotoplc abun
dances, the sample masses, and the relative neutron fluences and Induced 
activities for the two samples. Many of the corrections normally required 
for cross section measurements nearly cancelled. Other corrections were 
smaller for this ratio measurement than they would have been for a direct 
cross section measurement. All the known significant corrections were 
calculated and applied to the ratio data. Absolute -̂  ̂ Cd(n,n')̂ ^̂ '''Cd and 
l^°Cd(n,Y)^^^'"Cd cross sections were then derived using the measured 



188 

ratios and the natural cadmium activation results reported in Ref. 3. The 
derived cross section values and errors are reported in Ref. 4. These cross 
sections are plotted in Figs. 2 and 3 of the present paper. 

III. Model Calculations 

The shape of the capture activation cross section for ^̂  Cd is quite 
interesting (see Fig. 3); thus, model calculations were performed in order 
to provide an explanation for this behavior. Knowledge of various proper
ties of the compound nucleus ^^^Cd is required in order to calculate the 
capture activation cross section for ^^°Cd. Therefore, it proved beneficial 
to also perform inelastic scattering calculations for Cd during this 
investigation. 

The capture cross section for Cd can be expressed as 

a(E) = I cj(j,Tr,E), 
J,Tr 

and the activation cross section is then 

a^(E) = I B(J,Tr,E) O(J,TI,E), 
J,Tf 

where J=A±l/2 is spin of the capture state and B(J,Tr,E) is the probability 
that this state will ultimately decay by radiative transitions to the 
0.396-MeV isomeric level. 

The capture cross sections, O(J,TI ,E), were computed using the optical 
model to calculate transmission coefficients, and the Hauser-Feshbach 
formula with width fluctuation corrections to determine the capture cross 
sections, in the presence of competition from elastic and inelastic scatter
ing » . The neutron width fluctuations were computed on the basis of 
chi-squared distributions with the degree of freedom parameter for each 
neutron channel computed according to the formula of Moldauer^^. These 
calculations were performed using the code ABAREX^^. 

The optical model parameter set derived by Moldauer^^ was used in the 
present work. Vonach and Smitĥ "* showed that these parameters yield rea
sonable agreement with experimental elastic and inelastic scattering cross 
sections of Ag, In and Cd for the same energy range as the present investi
gation. The parameters are: 
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Potential 

Real 

Imaginary 

Real Spin-Orbit 

Type 

Wood-Saxon 

(>aus8lan 

Thomas 

Depth 
(MeV) 

46 

14 

7 

Radius «A 
(fm) 

1.285 

1.390 

1.285 

1/3 Dlffuseness 
(fm) 

0.62 

0.50 

0.62 

The gamma-ray transmission factors were computed on the basis of a 
Brink-Axel^^ giant dipole resonance at a gamma-ray energy of 16.8 MeV, with 
a width of 5 MeV. The factor T^/D was adjusted so that the calculated 
capture cross section below 0.1 MeV agreed with the values reported by 
Musgrove et al.^^. The value Ty/D - 0.00046 yielded the best results. 
ABAREX was modified so that it would print out not only the total capture 
cross section, a(E), but also the components, a(J,ii,E). The calculated 
capture cross section curve is plotted in Fig. 3. 

Inelastic scattering calculations were performed for ^^^Cd using the 
same optical model parameters. ^^^Cd(n,Y)^ (̂  competition was included, 
with the factor Ty/D set equal to 0.008 so that the calculated capture 
cross sections below 0.1 MeV agreed with values rep>orted by Musgrove et 
al.^^. The calculated Inelastic scattering cross sections for the low-lying 
levels are plotted in Fig. 2. The ^^^Cd(n,n')^^^Cd data are well described 
by the model below 1 MeV if it is assumed that the Isomer is fed by ex
citation of the 0.396-MeV (lOOZ), 0.700-MeV (67%), 0.754-MeV (5Z) and 
0.867-MeV (5Z) states only, with the indicated branching ratios. 

The factors B(J,w,E) were calculated using the code CASCADE which is 
based upon the gamma-ray cascade model of Poenitz^^. The compound nucleus 
^̂ (̂]d was assumed to consist of a combination of the known discrete levels 
below I.l MeV^, and a continuum of levels described by a level density 
formalism at higher excitations. The level density parameters were obtained 
from the literature^®~20^ 3g described in Ref. 4. The gamma-ray transitions 
between various states in the continuum and between the continuum and the 
discrete low-lying levels were calculated using the Weisskopf formula. The 
maximum cascade multiplicity was limited to eight. Lacking specific guidance 
from the literature, it was assumed that all the transitions were electric 
dipole (El). It was further assumed that the only discrete levels below 1.1 
MeV which feed the Isomer are the 0.700-, 0.754- and 0.867-̂ 4eV levels, 
consistent with the observed results for ^^^Cd(n,n')^^^""Cd. The calculated 
^^''Cd(n,Y)^ ̂ Ĉd cross sections are shown in Fig. 3. The calculated results 
are quite sensitive to several aspects of the model. If, e.g., the E2/E1 
gamma transition strength ratio is taken to be 0.1 instead of zero, OQ 
Increases by ~30Z at 0.5 MeV. If it is assumed that the isomeric level 
is populated only by transitions from continuum levels above 1.1 MeV. OQ 
decreases by ;:;60Z at 0.25 MeV. The results are lesc sensitive to other 
model parameters, and these are reasonably well established 18~20, 
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IV. Conclusions 

As seen in Fig. 3, the model calculations described in Section III 
provide a good description of neutron capture and neutron capture activation 
for ^^°Cd. The cusps at 0.66 and 1.48 MeV indicate the onset of new levels in 
^^^Cd, and hence inelastic scattering competition to the capture process. 
Above 0.25 MeV, the capture and activation cross sections tend to increase 
with energy, due to the dominant influence of 1=2 and higher-order partial 
wave capture, until the trend is interrupted by the onset of inelastic 
scattering competition, first from the 0.658-MeV level and then from the 
1.476-MeV level. The capture of 1=0 and 1=1 neutrons is dominant only below 
0.25 MeV, and the 4=0 component is responsible for the increase in the cross 
section below xO.1 MeV. 
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NEUTRON-CAPTURE-ACTIVATION CROSS SECTIONS OF '̂*»̂ Ẑr and ^^.^°°Mo 
AT THERMAL AND 30 keV ENERGY* 

by 

J. M. Wyrick** and W. P. Poenitz 
Argonne National Laboratory 
Argonne, Illinois, USA 

Abstract 

Neutron-capture cross sections of >̂  Zr and 
^̂ ĵ '̂ '̂ Mo were measured relative to the standard-
capture cross section of gold at thermal and 30 keV 
neutron energies using the activation technique. 
The reported values are based upon available decay-
scheme information. 

I. Introduction 

Fast neutron-radiative-capture cross sections play a significant role in 
many aspects of reactor design and development. Though of importance in the 
applied area, they are often poorly known with significant discrepancies and 
a lack of experimental data. Fast neutron-capture cross sections can be 
calculated in terms of the optical- and statistical-nuclear models. Unfor
tunately, such calculations have lead to results which differ substantially 
(by factors of 2, 5 and even 10) due to the uncertainties of model parameters 
and shortcomings of the models themselves. A study of model-parameter 
sensitivities has shown that the lower keV range—which is of greatest 
importance for fast reactor applications—is to some extent an exception: 

*This work was supported by the U.S. Department of Energy 
**Sumraer Research Participant, Permanent Address: Department of Physical 
Science, Harris-Stove State College, St. Louis, MO 
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The shape of the cross section can be reasonably well calculated, but 
uncertainty exists regarding the normalization. Thus, rather reliable 
fast-neutron-capture cross sections could be calculated if experimental data 
of sufficient accuracy were available at one or two energies in the 10-
100-keV energy range. 

There are several neutron sources available in this energy range which 
have been frequently used in the past. The forward neutron cone obtained 
for proton energies slightly above the threshold of the ''Ll(p,n)'̂ Be reaction 
haa an average energy of sBO keV, and an energy spread of s: ± 7 keV 
(for si keV primary energy above the threshold). This source has 
several advantageous features^ which were considered Important for the 
present measurements. 

Neutron-capture events can be measured with a variety of methods, one 
of which is the activation technique. Though not generally applicable, it 
has several advantageous features; e.g. Isotoplc selectivity, the possi
bility of using small samples, and high accuracy in some cases. Sample 
activity might be measured absolutely, but more conveniently a Y'^ay occur
ring in the decay is detected. In the latter case, the derived cross 
section depends on decay-scheme information. By also measuring at thermal 
energy, utilizing the well known thermal cross section of gold for the 
neutron-flux determination, one can make the fast-neutron cross-section 
measurement relative to the thermal cross section, and thus Independent of 
decay-scheme information^. 

The present measurements are the first of a series Intended to provide 
capture cross-section data at 30 keV for normalization of nuclear-model-cal
culated cross sections. The activation technique was used, and measurements 
were made relative to the standard capture cross section of gold (576 mb 
at 30 keV, and 98.65 b at 0.0253 eV). 

II. Experimental Technique and Analysis 

The experimental set-up and procedures were described on previous 
occasions^. Thus, only a brief description will be given here. The 30-keV-
neutron source was the klnematlcally collimated forward cone obtained above 
and close to the threshold energy of the ^Li(p,n)Be^ reaction. The primary 
energy was controlled by monitoring the opening angle of the neutron cone 
with Long (k>unters. The samples were metallic discs of 1.59 cm diameter of 
elemental zirconium, molybdenum, and gold of 99.9Z or better chemical 
purity. The thicknesses were 0.102 cm for zirconium, 0.0254 and 0.0762 cm 
for molybdenum and 0.00127 and 0.0254 cm for gold. The thin gold foils were 
used in the thermal irradiations. 

One of the gold samples, and one or two of the other samples, were 
placed as a sandwich at a distance of ~1 cm from the neutron source, 
such that the entire neutron cone passed through the samples. The irradiat
ions at thermal energies were carried out in the thermal column of a 10 
kW reactor, with the samples mounted on a rotating disc. 
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After irradiation, the samples were mounted SJ1.5 cm from the front 
surface of a 4-cm-diameter x 4.4-cm-long Ge(Li) detector and the Y-ray 
spectra were recorded with a multichannel analyzer. The photopeak-detection 
efficiency of the Ge(Li) detector was determined with absolutely calibrated 
Y-ray emitters (̂ ^̂ Au, see Ref. 7; "̂̂ Âm, see Ref. 5) and a multiline Y 
source. 

Several gamma rays occurring in the decay-chains of the activated 
samples were utilized. Decay-scheme information (half lives, branching 
ratios, and conversion coefficients) were derived from Ref. 8, and detailed 
values used in the present work will be reported elsewhere^. 

III. Experimental Results and Discussion 

The present results for the thermal-neutron-capture cross sections are 
given in Tables 1 and 2. The present data for the zirconium isotopes are in 
best agreement with the values reported by Fulmer et al.^'' Agreement with 
the results by Santry et al.^^ is reasonable, however, disagreement exists 
between the present results and those reported by Ricabarra et al.^^, 
specifically for ^^Zr. The present data for the molybdenum isotopes agree 
with most of the more recently reported values (see Table 2). 

Tables 1 and 2 also list the evaluated thermal cross sections by 
Mughabghab et al.^^ Comparison with the present values suggests that there 
is no incentive to renormalize the present values at 30 keV with the thermal 
cross sections for '̂*Zr and ^%o. A renormalization would result in a 
change for ^°%o and ^°Zr, of 5% and 10% respectively. However, the present 
value for ^°Zr agrees rather well with the result by Fulmer et al.^*^, and 
has a lower uncertainty than the evaluated value. The renormalized value of 
^ '̂ Mo at 30 keV would be well within the quoted uncertainty. Thus, we 
choose not to utilize the thermal cross section results for the normalization 
of the 30 keV values, but to quote them as independent data based upon 
presently available decay-scheme information. 

The present results for the zirconium isotopes at 30 keV are shown in 
Fig. 1. Previously reported values in the energy range from 20-40 keV are 
shown for comparison. Also shown are cross sections calculated in terms of 
the statistical and optical models. Optical model parameters were obtained 
by fitting total and inelastic cross sections and strength functions of Y 
and Zr with the code ABAREX^^. Values of Ty/D were adjusted (but not 
fitted) to yield capture cross section values in reasonable agreement with 
the present data. Neutron-capture cross sections were also calculated for 
Zr, Zr, and ^^Zr. The derived elemental capture cross section compares 

well with experimental data (see Ref. 39). 

Agreement between the present values and previously reported data is 
reasonable for '̂*Zr. A substantial discrepancy (factor of 3) exists between 
the present value of a^^yi'^^Zr) and a measurement by Macklin et al.^^ 
The present result is less discrepant with an earlier measurement by 
Macklin et aL^"*. 
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The present results at 30 keV for the molybdenum Isotopes are shown in 
Fig. 2. Several of the previously reported values in the 20-40 keV energy 
range were obtained with Sb-Be(Y.n) sources. These data vary over a range 
of a factor of two for ^^Mo and a factor of 4 for '̂'̂ Mo. Our result for 
^^Ho agrees with the more recent measurement by Rlmawl and Chrlen^^ but 
disagrees with the data by Musgrove et al.^^; however, agreement with the 
latter is better for lO^Mo. 

It is believed that the present series of experiments will help to 
resolve existing capture cross section data discrepancies in the keV-energy 
range by simultaneously measuring at thermal energy. 

Table I. Present Results for the ^'*Zr(n.Y) and ^^Zr(n,Y) Thermal Maxwelllan 
Average Cross Sections and Comparison with Previously Reported 
Data. 

Nuclei 

9-Zr 

Sfcr 

Reference 

Fulmer et al (10) 
Santry et al. (11) 
Ricabarra et al. (12) 
Lyon (16) 
Present Result 
BNL-325 (Mughabghab et 

Fulmer et al. (10) 
Santry et al. (11) 
Ricabarra et al. (12) 
Lyon (16) 
Present result 
BNL-325 (Mughabghab et 

al, 

al, 

.23) 

.23) 

Value/mb 

52 ± 3 
47.5 ± 2.4 
63 ± 8 

-60 
49.4 ± 1.7 
49.9 ± 2.4 

20 ± 3 
22.9 ± 1.0 
5.7 ± 1 
<54 
20.3 ± 0.6 
22.9 t 1.0 

Table II. Present Results for the ^^Mo(n,Y) and ^0°Mo(n,Y) Thermal Maxwelllan 
Average Cross Sections and Comparison with Previously Reported Data. 

Nuclei Reference Value/mb 

98 Mo Gleason (13) 
Dahlberg et al. (14) 
Cabell (15) 
Lyon (16) 
Sims and Jahnke (17) 
Hughes (18) 
Pommeranee (19) 
Seren (20) 
Fabry (21) 

145 
180 
136 
580 
137 
130 
400 
415 
120 

15 
20 
3 
58 
6 
50 

400 
83 

Present Result 
BNL-325 (Mughabghab et al.23) 

131.7 ± 
130 ± 

5.3 
6 
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Table II. Continued 

Nuclei Reference Value/mb 

IOOMO Cabell (15) 199 ± 5 
Gleason (13) 195 ± 10 
Seren et al. (20) 475 ± 95 
Pommerance (19) 500 ± 500 

Present Result 188.8 ±6.9 
BNL-325 (Mughabghab et al.23) 199 ± 3 
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20 30 40 
NEUTRON ENERGY, keV 

Fig. 1. Comparison of the present results for 9'* .9^Zr(n,Y) and previously 
reported data. The letters refer to: M Ref. 22, X Ref. 24, 
K Ref. 27, B Ref. 25. The histogram are also the data of Ref. 25. 
The present data are labeled with P. The dashed lines are model 
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20 30 40 

NEUTRON ENERGY, keV 

Fig. 2. Comparison of the present results for ^"«^°°Mo(n,Y) and previously 
reported data. The letters refer to: M Ref. 24, A Ref. 30, K Ref. 27 
X Ref. 34, Z Ref. 35, V Ref. 32, H Ref. 36, C Ref. 31, F Ref. 37, 
B Ref. 28, R Ref. 33, S Ref. 29. The present data are labeled with P. 
The histogram are data of Ref. 26. ENDF/B-V values are indicated with 
I I ] 1 J 



204 

Discussion 

QUESTION: K. Wisshak 
How many keV above the threshold of the Li(p,n) reaction were the activations 
performed? 

ANSWER: W. Poenitz 
About 1-2 keV. That gives you a spread of about 7 keV in neutron energy. 
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PROMPT GAMMA-RAY DETECTORS FOR THE MEASUREMENT OF HEUTROM 

CAPTURE C R O S S - S E C T I O N S . 

0. B. Gayther S R. B. Thorn 
Nuclear Physics Division, A . E . R . E . , Harwell, Oxon, U.K. 

ABSTRACT 

A review is given of current techniques for 
detecting prompt gamma-radiation as a neans of 
measuring total capture c r o s s - s e c t i o n s . The dis
cussion is generally restricted to systems with 
low or moderate gamma-ray energy resolution. 
Three classes of detector are considered; (i) the 
total absorption type (ii) detectors with effi
ciency proportional to gamma-ray energy; and 
(iii) detectors of low efficiency and known 
gamma-ray response. Particular attention is given 
to the problems of background from reactions 
which compete with neutron capture, and the sen
sitivity of capture detectors to scattered 
neutrons. The extraction of capture yields from 
observed data is briefly considered. 

1. INTRODUCTION 

In this review we shall discuss techniques for measuring fast 
neutron radiative capture cross-sections which rely on observa
tion of the emitted prompt gamma-radiation. Developments which 
have taken place since the review by Chrien / I / at the 1975 
Washington Conference will be emphasized. Although we shall be 
mainly concerned with measurements in the kilovolt region and 
above, most of the detectors described are equally suitable for 
lower energies. Indeed, a system which can be used at thermal 
neutron energy provides a convenient point for the absolute nor
malization of the cross-section. 

The discussion will be limited to the measurement of the total 
capture cross-section, that is the cross-section for all transi
tions which de-excite the compound nucleus. The use of high 
resolution spectroscopy to measure the partial capture 
cross-sections for particular transitions will not in general 
concern us. 

Neutron sources available for measuring fast neutron capture 
cross-sections include Van de Graaff g e n e r a t o r s , pulsed 'white' 
neutron sources such as linacs, and reactor filtered b e a m s . 

Imperial College of Science and Technology, London, 
attached to A . E . R . E . 
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r e l e v a n t p r o p e r t i e s of c a p t u r e g a m m a - r a y s p e c t r a , 
d i s c r i m i n a t i o n a g a i n s t s o u r c e s of p r o m p t g a m m a - r a y s 
o t h e r t h a n c a p t u r e in t h e s a m p l e , and 
r e l e v a n t p r o p e r t i e s of a v a i l a b l e 
sci n t i 1 1 a t o r s . 

g a m m a - r a y 

2.1 T h e n a t u r e of t h e c a p t u r e g a m m a - r a y s p e c t r u m . 

W h e n a n e u t r o n is c a p t u r e d by a n u c l e u s , a s t a t e is f o r m e d 
w h o s e i n i t i a l e x c i t a t i o n Ex is : 

Ex = En + Es 

w h e r e En is t h e c e n t r e of m a s s e n e r g y of t h e i n c i d e n t n e u t r o n and 
Es is t h e n e u t r o n s e p a r a t i o n e n e r g y . In a c a p t u r e r e a c t i o n the 
n u c l e u s d e - e x c i t e s by e m i t t i n g o n e or m o r e g a m m a - r a y s , c a l l e d t h e 
c a s c a d e , t h e e n e r g i e s of t h e i n d i v i d u a l m e m b e r s of w h i c h sum to 
E x . F i g u r e 1, w h i c h is t a k e n from a r e v i e w by B o l l i n g e r HI, 
s h o w s a r e p r e s e n t a t i v e c a p t u r e g a m m a - r a y s p e c t r u m for a h e a v y 
n u c l e u s . T h e s p e c t r u m c o n s i s t s of d i s c r e t e h i g h e n e r g y l i n e s 
a r i s i n g from p r i m a r y t r a n s i t i o n s f r o m t h e i n i t i a l to l o w - l y i n g 
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final s t a t e s , a statistical c o n t i n u u m at i n t e r m e d i a t e e n e r g i e s 
which e m e r g e s as the final state level spacing a p p r o a c h e s the 
de t e c t o r r e s o l u t i o n , and d i s c r e t e lines at low ener g y due to sec
ondary g a m m a - r a y s from low-lying s t a t e s . For less c o m p l e x nuclei 
with a wide level spacing near the ground state the d i s c r e t e 
nature of the spectrum Is enh a n c e d at the e x p e n s e of the s t a t i s 
tical c o m p o n e n t . 

800 

c600 

" A G O 

113 Cdln.yi'^Cd 

6 •*«' _J I 

'1L JMLi. [ 

.9 MeV 

ii 

Figure 1. Representative 
thermal neutron capture 
gamma-ray spectrum obs
erved with a Comptan 
spectrometer (Groshev et 
al .,1960). 
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2 keV (uppe r ) and 24 keV 
(l o w e r ) n e u t r o n s in U- 2 3 8 
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An important c o n s e q u e n c e of these effects is that a central 
problem in the design of prompt gamma-ray d e t e c t o r s for the m e a s 
urement of total capture c r o s s - s e c t i o n s is the attainment of 
detection efficiencies which are independent of the changes in 
the gamma-ray spectra. This requirement leads to three broad 
classifications of detector type according to their response to 
g a m m a - r a y s , as follows: 

In 
1 arge 
making 
gamma-
etry) 
seldom 
energy 
detect 
mental 

Tot 
arrang 
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can al 

thi 
vol 
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(i) Total Absorption D e t e c t o r s . 

e of d e t e c t o r , usually a liquid scintill 
independence of the cascade mode is atta 
ection efficiency approach 1 0 0 % for all 
lly, the detector surrounds the sample ( 4IT 
s all the emmitted g a m m a - r a d i a t i o n . This i 

in practice since single capture gamma-
or more are not uncommon, and a device cap 
such events would be so large that the e 
d would be o v e r w h e l m i n g . 
tion detectors lend themselves to m u l t i -
ich can yield information on gamma-ray mul 
Itiplicity may be of fundamental i n t e r e s t , 
to d i s c r i m i n a t e against unwanted e v e n t s . 

(ii) Total Energy Detectors 

ator of 
ined by 
capture 
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deal i s 
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nvi ron-
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t i pi i c-
but it 

Suppose 
effi ci ency, e 
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t h a t we d e v i s e a a. 
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s y s t e m w h o s e g a m m a - r a y d e t e c t i o n 
o Oflmma-rav (^ne^rnv F g a m m a - r a y e n e r g y , E 

Y 
: = kE 
Y Y 

c a p t u r e g a m m a -
i s smal ' -

If we o b s e r v e 
a r r a n g e t h a t e^ is 
t h a n o n e g a m m a - r a y f r o m a pa 
a c a s c a d e of g a m m a - r a y s , 

m a - r a y s w i t h s u c h a s y s t e m and f u r t h e r 
1 so t h a t t h e c h a n c e of o b s e r v i n g m o r e 
a r t i c u l a r d e c a y is n e g l i g i b l e , t h e n in 

V 

I 
i = l "Y1 

= E 

and t h e p r o b a b i l i t y of d e t e c t i n g an e v e n t , e j c a n be w r i t t e n . 

'YT - Y 
i = l 

I ^ i = ^i E . = kE^ 
^ YT ^ Yl X i=l 

YT 

w h i c h d e p e n d s o n l y on t h e e x c i t a t i o n e n e r g y o f t h e c a p t u r i n g 
n u c l e u s and is t h e r e f o r e i n d e p e n d e n t of t h e m o d e o f d e c a y . 

T h i s is t h e p r i n c i p l e of t h e M o x o n - R a e d e t e c t o r w h i c h a c h i e v e s 
t h i s t y p e of r e s p o n s e t h r o u g h its d e s i g n / 5 / . An a l t e r n a t i v e 
m e a n s of p r o d u c i n g t h e s a m e r e s u l t is by a p p r o p r i a t e l y w e i g h t i n g 
the p u l s e a m p l i t u d e r e s p o n s e of an a r b i t r a r y d e t e c t o r . B a s e d on a 
s u g g e s t i o n by H.Ma i e r - L e i bn i t z / 6 / , ttie f i r s t d e t e c t o r o f t h i s 
t y p e w a s b u i l t by M a c k l i n and G i b b o n s / ? / . 
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iii) Low efficiency detectors of known gamma-ray response. 

Any system which detects only one cascade gamm 
"capture event can be used to determine the cross 
complete gamma-ray spectrum can be deduced. T 
detector with adequate resolution and a measurement 
tial portion of the spectrum. The usual pulse 
which is required to remove background event 
possible, correspond to a low gamma-ray energy 
gamma-ray response function must be accurately know 
ably It should be of simple shape. This will 
gamma-ray spectrum to be obtained above the disc 
level by unfolding the response function from the 
trum. The complete spectrum Is obtained by 
extrapolation. With this type of system, the extra 
a given bias will in general be considerably large 
Total Absorption Detector where the amplitude spe 
peak near the total excitation energy. The arrange 
by Haler-Leibnitz can be regarded as a special cas 
of detector, but we discuss It in the section o 
Detectors. The use of low efficiency sodium iodide 
measuring total capture cross-sections Is described 

a-ray fo 
secti on 
his requ 
of a su 

anpli tud 
s shoul 
. The de 
n, and p 
al1ow th 
rinlnato 
observed 
some fo 
polat 1 on 

>.r than f 
ctrum te 
ment sug 
e of thi 
n Total 
detecto 
in Sect 

r each 
if the 
1 res a 
bstan-
e bias 
d, if 
tector 
refer-
e true 
r bias 
spec-

rm of 
bel ow 

or the 
nds to 
gested 
s type 
Energy 
rs for 
ion 5. 

2.2 Discrimination against other sources of prompt 

gamma-rad i at Ion. 

Any neutron reaction in 
which produces prompt gamma 
events. The two main sources 
be considered briefly. 

the sample or surrounding material 
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the (n.n'Y) events will restrict the u 
be used. 

When a fissile sample is used, 
prompt gamma-rays is necessary. Use 
that more gamma-ray energy is rel 
capture. Thus, if a bias is imposed 
liquid scintillator at an energy grea 
to the excitation energy of the com 
events will be observed. At lower bias 
will be detected. A combination of m 
bias will allow the capture and f 
derived. The technique is discussed f 
sion, like inelastic scattering, can 
capture by detecting the neutrons in 
material which has a large neutron cap 
3 . 2 ) . 

With detectors in a multi-segment 
to use the different gamma-ray multipi 
sion to discriminate between the two p 
i n Secti on 3.3. 
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(ii) Capture of secondary neutrons in the detector 
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the sanple Itself can occur. This type of secondary capture is, 
of course, indistinguishable from the required primary capture, 
and to correct for It resort has to be made to calculation. The 
estimation of this contribution to the observed capture yield is 
beyond the scope of this review. 

2.3 Properties of gamma-ray scintillators. 

Some of the properties of a selection of scintillators suit
able for measuring total capture cross-sections are given in 
Table 1. It will be seen that only solid and liquid scintillators 
have been listed. Other detector types have been excluded because 
their response to gamma-radiation Is low or difficult to account 
for when considering the complete capture gamma-ray cascade. 

TABLE I SCINTILLATOR PROPERTIES 

Scintillator 

Sodium Iodide Nal(TI) 

BiSHUth Germanate 
Bi4Ge30i2 

Liquid C,H,.25, 

Hexafluoro benzene 

Deuterated Benzene 

ceoe 
Plastic C,H,jx 

Density 
(g/cin3) 

3.67 

7.13 

0.87 

1.61 

0.95 

1.03 

Linear 
Attenuation 
Coefficient 
For 
2.5 MeV -r-ray 
(cm-1) 

0.145 

0.310 

0.036 

0.060 

0.036 

0.043 

Thermal 
Neutron 
Absorption 
Mean Free 
Path* 
(cm) 

10 

41 

61 

2?00^ 

2900'' 

57 

Light 
Output 
Relative 
To Nal(Tl) 
(*) 

100 

10 

33 

9 

26 

28 

Decay 
Constant 
Main 
Component 
(ns) 

230 

300 

3 

3 

3 

2 

Defined as u in the expression exp(-i)d) for the transmission of y-rays through a layer d cm 
in thickness. 

• Defined as l/[(Nuclei per unit volume)(neutron absorption cross-section)]. 

' Using hydrogen content quoted by Nuclear Enterprises Ltd. for scintillators 
NE 226 and NE 230. 
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All the scintillators considered here are capable of giving a 
time resolution of two to three nanoseconds when coupled to a 
suitable fast photomultipiler. This is generally adequate for the 
pulsed accelerators In use today. 

In considering the construction of practical detectors, men
tion has already been made of the need to use materials with low 
capture cross-sections. Beryllium or thin-walled aluminium, for 
example, make suitable canning materials, and quartz is superior 
to borosillcate glass for photomultipiler cathodes. 

3. TOTAL ABSORPTION DETECTORS 

3.1 Large Liquid Scintillators 

Large liquid scintillators have been used for the detection of 
prompt capture gamma-rays for many years and the literature cov
ering their design and operation is extensive (refs. 1 0 - 2 0 ) . Con
sequently only a brief outline will be given of their principal 
features with the Harwell 2701 tank serving as an example. This 
sub-section will be concerned In the main with the deduction of 
the energy dependent detector efficiency by studying the gross 
features of the pulse amplitude spectrum. 

PHOTOMULTIPUER 
ASSEMBLY 

• LINER 

CAPTUDC 
SAMPLE 

B« TUBE 

Figure 3. The main design features of 
the Harwell 2701 liquid scintillator. 

Large liquid scintillators vary in size from the 2701 tank in 
use at Harwell to the 40001 log assembly built by Haddad et al. 
/13/. Figure 3 shows the Harwell detector. It consists of a 
spherical Iron shell containing 2701 of NE211 scintillator viewed 
by 12 photomultlpllers. The scintillator contains 10% by volume 
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of m e t h y l b o r a t e in o r d e r to a b s o r b n e u t r o n s in p r e f e r e n c e ^o 
t h e i r c a p t u r e by h y d r o g e n w h i c h y i e l d s a t r o u b l e s o m e 2.2 M e V 
g a m m a - r a y . The t h r o u g h - t u b e is of b e r y l l i u m of 6.4rnm wall t h i c k 
n e s s , c h o s e n for its p a r t i c u l a r l y low c a p t u r e c r o s s s e c t i o n . T h e 
c a p t u r e s a m p l e at t h e c e n t r e of t h e t a n k is p r o t e c t e d f r o m r e t u r n 
n e u t r o n s by a 1 2 . 7 m n t h i c k B - I Q s l e e v e . T h e t a n k is o p t i c a l l y 
d i v i d e d by an a l u m i n i s e d M e l i n e x c u r t a i n to a l l o w c o i n c i d e n c e 
o p e r a t i o n , a f e a t u r e w h i c h r e d u c e s t h e n a t u r a l b a c k g r o u n d by a 
f a c t o r of a r o u n d 7. 

As m e n t i o n e d in S e c t i o n 1 it is not f e a s i b l e to b u i l d a ^ d e t e c -
tor l a r g e e n o u g h to c o n t a i n all of t h e g a m m a - r a d i a t i o n e m i t t e d in 
the n e u t r o n c a p t u r e r e a c t i o n . T h e p u l s e w h i c h r e g i s t e r s a c a p t u r e 
e v e n t is t h e sum of t h e p a r t i a l or c o m p l e t e e n e r g y d e p o s i t i o n s of 
the i n d i v i d u a l g a m m a - r a y s in t h e c a s c a d e and h e n c e t h e p u l s e 
a m p l i t u d e r e s p o n s e of t h e d e t e c t o r d e p e n d s in a c o m p l e x w a y on 
the n u m b e r of g a m m a - r a y s e m i t t e d and on t h e i r c o m p o n e n t e n e r g i e s . 
If, as o f t e n h a p p e n s , t h e n a t u r e of t h e g a m m a - r a y c a s c a d e c h a n g e s 
as t h e i n c o m i n g n e u t r o n e n e r g y is i n c r e a s e d it t h e n b e c o m e s n e c 
e s s a r y to c o r r e c t for t h e d i f f e r i n g r e s p o n s e o f t h e d e t e c t o r 
s y s t e m to t h e d i f f e r e n t c o m b i n a t i o n s of g a m m a - r a y s . 

F i g u r e 4 . A s c h e m a t i c p u l s e 
a m p l i t u d e r e s p o n s e f r o m a 
l a r g e s c i n t i l l a t i o n t a n k . T h e 
e n e r g i e s £[_ and E^, are t h e 
l o w e r and u p p e r d i s c r i m i n a t o r 
l e v e l s i m p o s e d to r e j e c t 
u n w a n t e d e v e n t s . E^ is t h e 
total e n e r g y r e l e a s e d in t h e 
re a c t i o n . 
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efficiencies in time-of-flight exper-
response Is usually recorded for each 
utron flight time. A strongly peaked 
e fraction of high energy gamma-rays 
hence a low efficiency. On the other 

ndicates that the available energy Is 
gamma-rays and that the efficiency Is 
s these differences for neighbouring 
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Figure 5. Pulse amplitude 
spectra for two narrow 
resonances in Fe-56 from 
Harwell data. Inset are 
the spectra as measured 
with the Karlsruhe 8001 
tank /19/. 

Many tanks being optically halved or quartered are capable of 
coincidence operation. The coincidence count rate when considered 
In relation to the total count rate gives important information 
about ganma-ray multiplicity at the expense of increasing still 
further the dependence of the efficiency on cascade character
istics (see F i g . 6 ) . 

It Is common practice to make an extrapolation of the observed 
pulse height spectrum to zero bias with the aid of a separately 
recorded 'low bias' pulse height distribution which Is usually 
some average over a wide energy region. In this way the spectrum 
fraction Is obtained. The Intrinsic efficiency calculation is 
based on the known thermal capture spectrum with modifications to 
the single gamma-ray component dependent upon the 'hard', 'soft' 



216 

or 'intermediate' appearance of the amplitude spectrum (see, ^o*" 
example, 7 1 6 / ) . Froehner / 2 2 / has estimated the overall L I " ' ^ ^ [ ' 

tainty in the capture yield using this technique to be about 15/*-
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Figure 6. Variation in 
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increasing gamna-ray 
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sizes of spherical 
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which we call the fractional energy, is used to c h a r a c t e r i s e the 
amplitude spectrum shape. In this expression Aj c o r r e s p o n d s to 
the number of pulses observed in channel I when the energy Ej is 
deposited in the dete c t o r . L and U are the amplitude channels 
corresponding to EL and Ey as defined in F i g . 4 . A wide variety of 
amplitude spectrum types generated by the Monte Carlo code have 
been investigated and a strong correlation is found to exist 
between Ef and the efficiency ef. 

Figure 7 shows the correlation between the fractional energy 
and the detector efficiency. The curve is a polynomial fit to the 
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When estimating detector efficiencies by whatever method it is 
necessary to correct for the attenuation of gamma-rays in the 
sample. For the Harwell data these corrections are based on 
Monte Carlo calculations which assume isotropy of the emitted 
gamma-radiation. For a thick sample the correction can be sub-

for example the Harwell measurements used three 
of natural iron, 0.5, 2.0 and 6.4mm, and the average 

stantlal , 
thicknesses 
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correction factors which had to be applied to the data w e r e , 
respectively 3.2, 7 and 15 %. 

3.2 The use of large liquid scintillators when other 

reactions are present. 

The most important r e a c t i o n s , other than c a p t u r e , which 
produce prompt gamma-radiation are fission and inelastic neutron 
scattering. The effect of these on capture m e a s u r e m e n t s was d i s 
cussed in general terms in Section 2 . 2 . In this s u b - s e c t i o n we 
consider separately m e a s u r e m e n t s with large liquid s c i n t i l l a t o r s 
according to whether the sample is f i s s i o n a b l e or not. 

(i) N o n - f i s s i o n a b l e s a m p l e s . 

For all but the lighest n u c l e i , the only background reaction 
we need to consider at incident neutron e n e r g i e s below about 5 
MeV is inelastic scattering. At higher e n e r g i e s , other types of 
reaction may occur which cannot be readily d i s t i n g u i s h e d from 
capture by experimental m e a n s . In any d e t e c t o r , inelastic scat
tering levels capable of producing observed events only become 
accessible when the incident neutron energy exceeds the 
discriminator bias. For the spectrum from a large liquid 
scintillator a bias setting of 2.5 to 3 MeV would be t y p i c a l . 
Inelastic scattering for this type of detector thus p r e s e n t s no 
background problem for incident neutron energies below about 3 
MeV. 

At energies above approximately 3 MeV the rejection of inelas
tic or fission e v e n t s , can be accomplished by observing the neu
trons in a scintillator loaded with material which has a large 
capture c r o s s - s e c t i o n . This technique was first used by Hopkins 
and Diven 724/ for fissionable s a m p l e s . Gupta et a l . / 2 5 / have 
Vn^'^'iV ^n ^M^, ^i:^'^3bility of a system of this type for energies 
up to 10 MeV. As in the m e a s u r e m e n t s of Hopkins and Diven dis^ 

genuine capture e v e n t s . 

(ii) Fissionable s a m p l e s . 

The presence of fission can be detected by observing the frag-
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ments, the prompt fission gamma-rays, or the prompt fission neu
trons. If fragment detection Is used, the fissionable material Is 
contained In a fission chamber (usually of the ionization type) 
placed at the centre of the large liquid scintillator. A pulsed 
neutron source Is used and, in principle, a fission or capture 
event Is recognized according to whether or not a scintillator 
pulse Is accompanied by a coincident pulse from the fission cham
ber. To obtain good counting rates it is usually necessary to 
have as large a quantity of fissionable material in the chamber 
as alpha-particle pile-up will allow. The fissionable deposits 
will o^ten be of moderate thickness, therefore, and because of 
loss of fragments In the deposits it Is unlikely that every fis
sion event will be detected in the chamber. In practice this 
would mean that fissions not seen in the chamber would be regis
tered as capture events and a correction for this effect would be 
required. This technique has been used by Gwin et al. /26/ to 
measure the neutron absorption and fission cross-sections of 
Pu-239 and U-235 up to an Incident neutron energy of 200 keV. In 
this measurement a considerable Improvement In the signal to 
background ratio was achieved by operating the two optically 
separated halves of the large liquid scintillator in coincidence. 

If circumstances dictate the use of an amount of fissionable 
material greater than can be contained in a fission chamber 
(about Ig) It will be necessary to detect the fission neutrons or 
gamma-rays. Gamma-ray detection Is used In the 'high bias' tech
nique, the principle of which was described in Section 2.2. This 
method has been used by Gwin et al. /27/ to measure the fission 
and absorption cross-sections of Pu-239 up to 30 keV incident 
neutron energy with metal samples ranging In mass from 5g to 21g. 
A problem of interpretation in this type of measurement arises 
from possible variation in the total energy release as fission 
gamma-radiation if a wide range of incident neutron energies Is 
covered. 

Neutron detection as a means of identifying fission events 
when measuring the capture cross-sections of fissionable nuclei 
was used by Hopkins and Diven /24/. They used a Van de Graaff 
generator to produce a pulsed monoenergetic source of neutrons 
which was collimated and passed through a sample placed at the 
centre of a large liquid scintillator. Sufficient Cd was loaded 
into the scintillator to ensure that 95% of the neutrons were 
captured, with the production of a 9 MeV pulse within 32 micro
seconds of a fission event. Uhen capture or fission occurred In 
the sample the accompanying gamma-radiation was detected In coin
cidence with the beam pulse. This radiation was detected with a 
high efficiency, and produced a prompt pulse which was used to 
open a delayed 32 microsecond gate. Neglecting the effect of 
background and missed fission events. If a 9 MeV pulse occurred 
during the gate the prompt pulse must have been caused by a fis
sion event, otherwise It must have been caused by a capture 
event. Measurements were taken up to an incident neutron energy 
of 1 MeV. The small pulses produced by inelastic and elastic 
scattering events were discarded by discriminating against pulses 
below an amplitude corresponding to 1 MeV gamma-ray energy. With 
this type of measurement, corrections have to be made for the 
small number of fission neutrons that produce no 9 MeV pulse 
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Figure 9. Multiplicity spectra 
observed with the DAISY detector 
for capture (low multiplicity) 
and fission (high multiplicity) 
events. 

2 4 6 8 10 
Comcidence MultiplKity 

The fission and capture cross-sections of U-235 and U-238 have 
been measured in the energy range 0.1 to 30 keV using versions of 
the DAISY detector containing up to 1001 of Nal divided Into 46 
sections. The spins of neutron resonances have been determined In 
favourable cases where the different multiplicities of the two 
states of the compound nucleus can be clearly distinguished. The 
system offers also the possibility of separating the s- and 
p-wave neutron cross-sections In the unresolved region. The mul
tiplicity spectrum In this region is averaged over many levels 
and Is therefore less affected by Porter-Thomas fluctuations than 
the^ spectrum from separate resonances. 

(11) Recent developments in multi-sectional detectors. 

The principal disadvantage of the DAISY system when used in 
capture measurements above a few keV is Its sensitivity to scat
tered neutrons. This problem could be reduced considerably by 
replacing the sodium Iodide with bismuth germanate crystals. 
Alternatively, a separation of scattered neutrons from capture 
gamma-rays can be achieved by time-of-flight if the detector is 
large enough. This property is exploited in the spin 
spectrometers described by Sarantltes et al. /30/ and Simon / 3 1 / . 
Designed for the study of the high multiplicity cascades from 
heavy Ion reactions, these are detectors in which, for each event 
comprehensive Information Is obtained on properties of the emit
ted radiation such as individual transition energies, the total 
ganma-ray decay energy, the mutlplicity of the emitted gamma-rays 
and their angular distributions. In the Darmstadt-Heidelberg 
Crystal Ball described by Simon there are 162 Individual Nal mod
ules each 20cm In radial thickness, the whole forming a spherical 
shell with a free inner radius of 25cm and surrounding the sample 
in 4 n -geometry. With these dimensions, a scattered neutron of 
energy 1 MeV, say, would arrive about 18ns later than the prompt 
ganma-rays, and those modules which were triggered by a neutron 
alone could be resolved from the rest in the shell. Because of 
their very high cost it seems unlikely that the use of such com
plex systems could be justified for precision capture 
cross-section measurements. 

4. TOTAL ENERGY DETECTORS 

The essential feature of the Moxon-Rae detector, as discussed 
In Section 2 . 1 ( 1 i ) , Is an efficiency which is proportional to 
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(see e.g. M a c k ! i n et al. 



225 

the sum extends to the maximum pulse height recorded. We 
suppose that a function G(I) of pulse height only exists 

where 
next 
that satisfies the condition: 

I m 

The series 
define the 
changes In i 

I G(I)Wj(I) = Ej 

1=1 

of equations obtained by varying the energies Ej 
values G(I) provided that the detector response 

a systematic way with increasing gamma-ray energy Ej . 

Calculation of the Weighting Function G(I) 

The predominance of the Compton interaction process allied 
with the poor resolution of organic liquid scintillators ensures 
the absence of structure in the detector response function and 
for this reason G(l) can be expected to have a smooth dependence 
on pulse height. Following the prescription of Le Rigoleur /39/ 
we express G(I) as a polynomial function of order N: 

N 
G(I) = I 

k=0 
V 

Substituting this form of 6(1) 
yields : 

into the previous equation. 

Im N 

I I a,rw.(I)=Ej 
1=1 k=0 

1nt roduc1ng 

N I m 
'I a^^l W.(I).r = E, 

k=0 1=1 

Im 

3 . 1 W - — ^ 
jk 1=1 j (I) V 

gives finally 

N 
I 
k=0 

'k •'jk = E. 

and the problem has reduced to finding the coefficients ^k from a 
series of equations, one for each gamma energy Ej . The first few 
coefficients only are required to define G(I) and so by choosing 
the number of gamma-ray spectra M to be greater than the numbeh 
of coefficients N we have an overdetermlned system of equations 
and by minimising the expression: 
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than the unweighted spectrum is in the extrapolation to zero bias 
where in this example less than 5* of the weighted count rate is 
below the bias of 400 keV. The penalty for this convenience is 
not just the reliance placed on the accuracy of the weighting 
function calculation but of more fundamental importance is the 
loss of statistical accuracy incurred by heavily weighting the 
high energy end of the gamma-ray spectrum. Worthy of consider
ation also Is the Important role played by secondary electrons in 
determining the shape of the weighting function at high energies. 
By allowing for the escape of secondary electrons we found a 50% 
Increase in the weight to be applied to events depositing 8 MeV 
in the detector. The effect of using electron range/energy data 
from different sources has been considered in detail by Brusegan 
et al. /40/ in relation to the deuterated benzene detector devel
oped at the Geel Laboratory. To test their weighting function the 
Geel group observed capture gamma-rays from a variety of samples 
exposed to a thermal neutron beam. There is evidence to suggest a 
residual dependence of the weighted detector response on the 
nature of the gamma-ray cascade. The Harwell detector was simi
larly tested and exhibited no serious dependence on cascade type 
/41/ although it should be said that the cascade types chosen 
were not as widely varying as those used by the Geel group. 

5. LOW EFFICIENCY DETECTORS OF KNOWN GAMMA-RAY RESPONSE 

This 1s the third and final classification of detector which 
we shall discuss. The general principle of measuring the 
cross-section from a determination of the complete gamma-ray 
spectrum was considered in Section 2 . 1 ( 1 1 1 ) . If the discriminator 
bias Is sufficiently low in value an empirical method of extrapo
lating the observed spectrum to zero energy will be adequate. In 
fast neutron measurements however, the bias often removes a con
siderable portion of the spectrum because of the need to reject 
inelastically scattered neutron events. Some form of theoretical 
basis for making the extrapolation is therefore necessary. For 
example, if the parameters of a theoretical calculation can be 
adjusted to reproduce the observed spectrum, this same calcu
lation can provide the extrapolation. This Is the method used by 
Joly and co-workers which Is discussed below. The method requires 
the detector gamma-ray response function to be known and prefera
bly it should have a simple energy dependence to assist the 
unfolding of the spectrum. 

Bartholomew et al. /42/ have reviewed theoretical spectrum 
fitting techniques. The calculations require information on the 
energy dependence of the average gamma-ray transition probability 
and the nuclear level density distribution. It is usually assumed 
that In the heavier nuclei transitions are predominantly dipole 
In character and have a transition probability which is propor
tional to the cube of the gamma-ray energy. The assumption that 
all the radiation is of the dipole type is likely to introduce 
errors in some nuclei. In the collective region, for example, the 
predominant mode of decay between low-lying excited states is by 
quadrupole radiation. 
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6. PROMPT DETECTION OF SCATTERED N E U T R O N S . 
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that the n e u t r o n s e n s i t i v i t y is m u c h g r e a t e r t h a n t h e v a l u e of 
10 - 5 to 10-4 r e c o m m e n d e d for a c c u r a t e c a p t u r e m e a s u r e m e n t s on the 
s t r u c t u r a l m a t e r i a l s . The K a r l s r u h e g r o u p h a v e a l s o m a d e a s u b 
s t a n t i a l c o n t r i b u t i o n to c a p t u r e d a t a u s i n g an 3001 liq u i d 
s c i n t i l l a t o r . The n e u t r o n s e n s i t i v i t y of t h i s d e t e c t o r Is a l s o 
s h o w n In F i g . 1 5 , t h e p e a k s in the s e n s i t i v i t y c o m e from the 
a l u m i n i u m t h r o u g h - t u b e In t h e tan k and the r a t h e r m a s s i v e b r o n z e 
s a m p l e h o l d e r s . 
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Figure 15. Neutron sensitivity (probability of detection 
per neutron scattered divided by an assumed average capture 
probability) of the Harwell scintillator compared with 

two other published calculations. 
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nucleus is then determined with the gamma-ray Monte Carlo code 
GAMOC ''^3/. This type of analysis was performed for several n e u 
tron energies and the resulting curve of neutron s e n s i t i v i t y is 
shown in F i g . 1 5 . The a p p r o x i m a t e experimental value of 10 is 
somewhat higher but not in d i s a g r e e m e n t with the c a l c u l a t e d sen
sitivity. 
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Figure 16. The Moxon-Rae d e t e c t o r at H a r w e l l . 
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7. DETERMINATION OF THE CAPTURE YIELD 

In a cross-section measurement the capture yield, Y, which is 
defined as the number of capture events per neutron incident on 
the sample is related to the observed counting rate, C, through 
the expression, 

C - B = Y c 0 

where B is the background in the measurement, e is the detector 
efficiency for capture events, and 0 is the incident neutron 
flux. In a time-of-flight measurement, the time interval Is taken 
to be small enough to remove any energy-dependence of the terms 
in the expression. The yield can be related to the required cap
ture cross-section,o^, as follows, 

Y = f n 0 
Y 

where n Is the number of sample atoms per unit area normal to the 
Incident beam, and f Is a correction factor which allows for 
self-shielding and multiple reactions of the neutrons in a sample 
of finite thickness. For a thin sample, f->l and the 
cross-section is readily obtained from the capture yield. The 
determination of the thickness correction factor Is beyond the 
scope of this review, but a few comments will be made on the oth
er factors which contrl-bute to the yield. 

The problems of background from promptly scattered neutrons 
and reactions which compete with capture have been discussed in 
previous sections. Background which occurs after the initial cap
ture event can be recognized by timing If a pulsed source of neu
trons Is used. With Van de Graaffs, pulse lengths are about Ins 
and It is possible to account for a substantial portion of the 
scattered neutron background in this way. For pulsed 'white' neu
tron sources it Is usual to determine the background which falls 
outside the time resolution of the system by using 'black reso
nances' or 'notch' filters. The technique employs filters which 
have negligible neutron transmission at energies corresponding to 
Isolated strong resonances, and the background is assumed to be 
the observed count rate In these regions. Measurements are made 
with filters of different thickness and a suitable extrapolation 
Is made to obtain the background with no filter present. It can 
be shown that this method is only strictly applicable when there 
is a single component In the background field. Syme /53/ has pro
posed a new method of background determination which uses black 
resonance filter data both on and off resonance. It is valid when 
there are several components in the background field, and can be 
used at higher energies than the conventional black resonance 
method. The absence of suitable resonances still limits the upper 
energy at which the method is applicable to 1 MeV. If the back
ground Is small an adequate value at higher energies may be 
obtained by extrapolation. 

The capture detectors we have considered can be classified 
according to whether or not the detector efficiency is known 
absolutely. When only the neutron-energy variation, or shape, of 
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Discussion 

QUESTION: F. Corvl 
You said that Bismuth Germanate has a much lower neutron sensitivity than 
Sodium Iodide. Could you give a figure on that, not only for thermal 
neutrons? 

ANSWER: D. Gayther 
No, all I can give you are the values from Table I. I did not make any 
calculations, but it does not show any resonance structure in the same way 
flourine does. It is very much more favorable, though not as much so 

CeDe-

QUESTION: A. B. Smith 
If you are faced with the problem of measuring the ^^^U(n,Y) cross section, 
what would you do? 

ANSWER: D. Gayther 
What energy range? 

A. B. Smith: 
Say 100 keV to 2 MeV. 

D. Gayther: 
I would be tempted to try the spectrum weighting technique. There may be 
some different opinions at Karlsruhe. 

A. B. Smith: 

The feeling that I get is that prompt detection techniques are bottoming out 
over a 10 year period at something like 5-10%. If you try ^^^U with a 
requested 3% you have a problem. 

D. Gayther: 

Yes, that's right. With the large tank and the semiempirical methods to 
determine its efficiencies we felt that it might be possible to achieve 5%. 

U might be more favorable because the spectrum does not change that much, 
not as much as the structural materials. 
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FAST-NEUTRON CAPTURE-CROSS-SECTION MEASUREMENTS 
WITH THE ARGONNE NATIONAL LABORATORY LARGE-LIQUID-SCINTILLATOR TANK* 

W. P. Poenitz 
Argonne National Laboratory 
Argonne, Illinois, USA 

ABSTRACT 

Measurements of the neutron-radioactive-capture cross 
sections of Y, Zr, Mo, Ag. Cd, In, Sb, La, Eu, Gd, Tb, Dy, Er, 
Yb, Hf, W, Re, and Pt in the 0.5 - A.O-MeV-energy range are 
presented. A large-liquid-sclntlllaCor detector was used for 
detecting the capture events. A grey neutron detector was used 
as neutron monitor. The reported cross sections are relative 
to the capture cross section of gold at 0.5 MeV. Where prior 
data exist the present data are lower for most elements. 
However, good agreement was obtained with very recent results 
reported by the group from Bruyferes-le-Chfltel. 

I. Introduction 

Fast-neutron-capture cross sections were unavailable for many elements 
above a few hundred keV until recently when some data from the present 
program and from the group at Bruy^res-le-Chdtel became available.^>^ 
Data requirements were filled with theoretically calculated cross sections 
using the optical and statistical models. A comparison of such calculated 
cross sections at 2 MeV showed differences with factors of 2 to 5 occurring 
frequently, and even factors of 10 being present.^ One might consider, as 
an example, the neutron-capture cross sections of Important fission products, 
which are required to be known with 5-7Z uncertainty.*• Using the sensitivity 
of reactor parameters to changes of the capture cross sections, one can 
roughly estimate that the capture cross sections of fission-product nuclei 
should be known with 25-35Z in the 1-2 MeV energy range. 

The measurements of capture cross sections with a large-liquid-
sclntlllator detector (LLST) at an accelerator, which permits the production 
of monoenergetic neutrons, has substantial advantages for the MeV-neutron-
energy range: gamma rays originating in inelastic neutron scattering events 
can be discriminated against without compromising the basic detector principle, 
and background can be suppressed by the time-of-flight technique. The capture-
event-detection efficiency Is about 70-80Z, due to the requirement to set a 
threshold corresponding to a Y~ray energy of 2-3 MeV. The uncertainty of the 
required extrapolation to zero-pulse height is estimated to be in the range of 

*Thi8 work was supported by the U.S. Department of Energy. 
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5-10%. With the addition of other uncertainties (5% for the reference cross 
section, 2-5% for the correction for capture of scattered neutrons) one 
should obtain cross-section data with 7-13% uncertainties. Compared with 
experimental-data discrepancies of up to 100%, and nuclear-model-prediction 
discrepancies of up to 1000%, this should be a substantial Improvement. 

The elements measured in the present program and the status of the data 
are listed in Table I. Capture cross sections for 18 elements (out of 32) are 
presented here. Measurements were typically made in the energy range from 0.5 
to 4.0 MeV. The data are presently considered preliminary as scattering 
corrections will be reconsidered. 

II. Experimental Procedure 

The experimental set-up and procedure were described at various occasions 
in detail,^ and only a brief description will be given here. The ^Li(p,n)^Be 
reaction with a pulsed- and bunched-proton beam (1-2 nsec width and a 2-MHz-
repetition rate) was used as a neutron source. Metallic-lithium targets were 
chosen to provide neutron-energy resolutions of ± 20 - 40 keV. The neutron 
source was shielded in Air geometry, with a conical opening providing a 
collimated-neutron beam which passed through the sample, and was finally 
captured in a grey neutron detector. The samples were placed in the center 
of a channel through the 1300 liter LLST at a flight path of 2.5 m from the 
source. The LLST has a time resolution of 3 nsec. The samples were 
metallic discs with 8.9 cm diameter and typical thickness corresponding to 
0.006 - 0.015 nuclei/barn. Exceptions were La, Y, and Re with 0.041, 0.048, 
and 0.034 nuclei/barn, respectively. 

Measurements of the capture yields of all samples were made relative to 
the shape of the grey-neutron-detector efficiency. The ratio relative to the 
capture cross section of gold was measured at 0.5 MeV; for many samples 
repeatedly with a typical reproducability of 2-4%. The cross section of some 
samples were measured relative to the capture cross section of gold over the 
entire energy range (e.g. Zr and Eu). The y-energy-detection fraction was 
determined by extrapolating the measured spectrum or by extrapolating the 
integrated spectrum to zero-pulse height. 

Corrections were applied for neutron transmission through the sample 
and the air between the sample and the neutron detector, for neutron-capture 
events due to elastic and Inelastic scattering, for total y-cascade-energy 
loss due to Y~absorption in the sample and escape from the tank, and the 
second neutron group of the ^Ll(p,n)-source reaction. Background was measured 
with carbon samples, without samples and with the collimator aperture plugged. 
It proved to be insignificant below 2-3 MeV. 

III. Results and Discussions 

The present data are shown in Figs. 1-4. A complete comparison with 
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previously reported data has not been made at this time. However, the present 
results are compared with other very recently reported data. The present data 
for Dy, Yb, Er. Hf. Cd, and In are shown in Fig. 1. Recent data are not 
available for these cross sections. The present data for Tb, Pt, Gd, Re, W 
and Sb and recent data from Bruy&res-Ie-Chfttel (BRC) are compared in Fig. 2. 
The generally good agreement Is an encouraging Indication of the present state 
of the art for capture cross section measurements. The data sets were 
obtained with different measurement techniques. The data differences indicate 
that estlnated uncertainties of 8-12Z for the ANL measurements and I5Z for 
the BRC measurements are certainly realistic and probably conservative. 
Results for Y, Zr. and La are shown in Fig. 3. The cross sections for these 
elements are small (~ 10 mb) throughout the energy range and thus more 
difficult to measure. Thick samples were used for Y and La. Again, the 
agreement with the BRC results Is very good, excepting a value at 2.5 MeV for 
Zr. The results of nuclear model calculations with the code ABAREX^ are shown 
for Y and Zr. Finally. Fig. A shows the present results for Mo, Ag. and Eu. 
These elements Include important fission products. Of specific interest Is 
Ag. for which other results became available also at this time. The present 
data agree within 5Z with the sum of the ^^^Ag and ^^^Ag cross sections 
measured by Macklin,^ however, disagreement exists with the data by Mlzumoto 
et al.7 The ENDF/B-V evaluation (sum of ^°^Ag and ^°^Ag) is also shown in 
this figure. The present data suggest a different shape in this region. 

The good agreement between the present data and the measurements from BRC 
was also observed for data previously reported (Au, Nb, Rh). Agreement with 
data measured by Macklin is also good after revision of some of Chese data^ 
(Rh, Pd, Th). This situation suggests that substantial improvements have been 
made in fast-neutron-capture cross section measurements. 
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Table I 
Elements Measured in the Present 

Program and the Status of the Data 

Element Data Reported Presently Reported Data Comment 

Cr 
Zn 
Ni 
Cu 
Y 
Zr 
Nb 
Mo 
Rh 
Pd 
Ag 
Cd 
In 
Sb 
La 
Nd 
Sm 
Eu 
Gd 
Tb 
Dy 
Ho 
Er 
Yb 
Hf 
Ta 
W 
Re 
Pt 
Au 
Th 
U8 

75 Wash. 
75 Wash. 
75 Wash. 

ANL/NDM 8 

79 Bologna 
79 Bologna 

79 Bologna 
79 Bologna 

ANL/NDM 15 

ANL/NDM 15 

NSE 57 (75) 
ANL/NDM 42 
NSE 57 (75) 

Data may be derived 
Add. Data 
Add. Data 
Add. Data 

Present ^ 
Present 

Present 

Present 
Present i/ 
Present ^ 
Present tX 
Present 

Present 
Present (X 
Present £/' 
Present v/ 

Present 
Present ^ 
Present c/ 

Present '^ 
Present yj 
Present •/ 
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Discussion 

QUESTION: R. Peelle 
Did you make the detector-efficiency Y~ray cascade calculations for each 
target and for capture from the various partial waves and neutron energies? 
How large were these efficiency corrections? 

ANSWER: W. Poenits 
Yes. The correction was made for the total loss of the cascade energy due 
to absorption in the sample and escape from the tank. Due to the partial 
compensation with the standard Au sample, the correction was usually small 
(a few percent). 

QUESTION: R. Hoverton 
Which gold cross section did you use for your normalization, and at what 
energies? 

ANSWER: W. Poenitz 
The measurements were made relative to the ENDF/B-V standard at 500 keV. 

QUESTION: R. Schenter 
Did you perform the optical model calculations described for the elements in 
a single calculations or were calculations made on individual Isotopes. 

ANSWER: W. Poenitz 
The calculations were carried out for the isotopes and added up for the 
elements. 
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FAST NEUTRON CAPTURE CROSS SECTION MEASUREMENTS 
USING A Nal DETBCTDR 

by 

S, Joly, G. Grenier and J. Voignier 
Service de Physique Neutronique et Nucleaire 

Centre d'Etudes de Bruyeres-le-Chdtel 
B.P. N° 561 

92542 MONTROUGE CEDEX, France 

Abstract 

We p re sen t the d i f f e r e n t ways the t o t a l c a p t u r e c r o s s 
s e c t i o n i s determined s t a r t i n g from the p u l s e - h e i g h t 
d i s t r i b u t i o n a s given by a Nal d e t e c t o r surrounded by 
an annu lus . The t i m e - o f - f l i g h t t echn ique a s s o c i a t e d 
wi th an improved s h i e l d i n g of the system i s used to 
reduce background making c a p t u r e c r o s s s e c t i o n s a s low 
as 1 mb measurab le . The e x t r a p o l a t i o n of the c a p t u r e 
Y-ray energy d i s t r i b u t i o n in the ( n . n ' y ) r eg ion i s made 
us ing a simple s t a t i s t i c a l model c a l c u l a t i o n . The p r i n 
c i p l e of energy c o n s e r v a t i o n i s a l s o used . The unfo ld ing 
s t a g e can be avoided by apply ing t h e p u l s e - h e i g h t weigh
t i ng t echn ique to the Nal p u l s e - h e i g h t spectrum. The 
p r e s e n t method has a l s o the advantage of g iv ing the 
(n ,Yn ' ) c r o s s s e c t i o n as a byproduct . 

I. Introduction 

The technique developed a t B r u y e r e s - l e - C h a t e l i s based on the d e t e c t i o n 
of prompt Y-rays emi t ted by the sample and was f i r s t app l i ed to t h e c a p t u r e 
of neu t rons between 0.5 and 3.2 MeV. The lowest l i m i t co r responds roughly to 
the energy of the f i r s t exc i t ed s t a t e of the t a r g e t nuc leus t hus avo id ing 
the c o n t r i b u t i o n of t h e (n ,n 'Y) r e a c t i o n which i s o the rwi se d i f f i c u l t t o 
e s t ima te wi th the conven t iona l t e chn iques of measuring c a p t u r e c r o s s s e c t i o n s 
(Moxon-Rae or Ma le r -Le ibn i t z d e t e c t o r s , l a r g e l i q u i d s c i n t i l l a t o r t a n k s ) . 
This i n e l a s t i c c o n t r i b u t i o n i s not taken i n t o account wi th t h e a c t i v a t i o n 
technique but the main problem concerns t h e e f f e c t of low-energy secondary 
neu t rons . Moreover, t h i s technique can be used only for r a d i o a c t i v e r e s i d u a l 
n u c l e i . Our method a l lows the c o n t r i b u t i o n of the (n,Y) r e a c t i o n to be e s t i 
mated in the r eg ion con ta in ing most ly y - r a y s from i n e l a s t i c s c a t t e r i n g . 
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I I . E?q3erlJTental and data prxxsessing techniques 

The technique has been described in d e t a i l s [1 ] and i s summarized br ie f 
ly here. Depending on the des ired neutron energy, the ^Ll(p,n)^Be (En < 0.7 
MeV) and ^H(p,n)^He (En < 3.2 MeV) reac t ions have been used as sources of 
monoenergetic neutrons. The pulsed and bunched proton beam i s de l ivered by 
the A MV Van de Graaff acce l era tor at BruySres- le-Chatel . The pulse width i s 
about 1 ns and the average beam i n t e n s i t y of 8 uA. Targets c o n s i s t of metal 
l i c l i thium or tr i t ium adsorbed in t itanium on tantalum backings. Samples 
(cy l inders or d i sks ) are located at 8 cm from the targe t . The neutron f lux 
i s measured through the sample by a BF3 detector located at 0° and at about 
2 m from the targe t . 

Gamma-rays are detected by a 3" x 6" Nal c r y s t a l surrounded by a Nal 
annulus. The spectrometer i s used in the anti-Compton and f i r s t - e s c a p e modes 
simultaneously. The Y-ray detec tor e f f i c i e n c y and the response functions are 
determined by ca l ibra ted rad ioac t ive sources and nuclear react ions for Y-ray 
energies between 1.0 and 12.5 MeV. 

The spectrometer i s shie lded with spec ia l neutron and Y-ray absorbing 
mater ia l s . The sample to detec tor d i s tance i s about 80 cm and the energy 
d i s t r i b u t i o n of the Y-rays can thus be deduced. This d i s tance i s a l s o neces 
sary for using the TOF technique and for sh ie ld ing the Y-ray detec tor e f f i 
c i e n t l y . The de tec tor i s protected further from d i r e c t target rad ia t ions by 
a shadow bar and from the sample scat tered neutrons by 20 cm of LIH. 

The net pulse -he ight spectra are converted to Y-ray d i s t r i b u t i o n s using 
â l eas t - squares unfolding method and the response funct ions of the spec tro 

meter. The unfolded spectra are corrected for the detec tor Y-ray e f f i c i e n c y 
and for the Y-ray a t tenuat ion in the sample thus g iv ing the capture Y-ray 
spectrum emitted by the sample. This i s done for the two d e t e c t i o n modes and 
the weighted average of these two d i s t r i b u t i o n s i s taken thus Improving the 
s t a t i s t i c a l accuracy of the energy d i s t r i b u t i o n S(E ) . 

I I I . GancB-rcy energy d l s t r l b u t i o i technique 

Capture and i n e l a s t i c Y-rays emitted by the sample are detected by the 
spectrometer. For the neutron energ i e s of i n t e r e s t (0 .5 < E^ < 3.2 MeV), the 
contribution of the (n,n'Y) reac t ion i s very Important in the low-energy r e 
gion (Ey < En) of the measured d i s t r i b u t i o n and we have to es t imate the (n,Y) 
contribut ion in t h i s reg ion . The f i r s t method we developed combines the t ech 
nique used to study Y-ray s trength funct ions and the spectrum method of mea
suring par t ia l capture c r o s s s e c t i o n s . As Y-rays are detected at one angle 
(general ly 9 0 ° ) , we deduce ang le - in tegra ted capture cros s s e c t i o n s assuming 
Isotropy for capture Y-rays but t h i s i s a good approximation for these neu
tron energ ie s . 

The unknown part of the capture spectrum i s estimated by means of a 
simple s t a t i s t i c a l model c a l c u l a t i o n . The shape of t h i s spectrum i s known 
[2] to depend on two f a c t o r s : the Y-ray s trength funct ion f(Ey) and the 
l e v e l - d e n s i t y d i s t r i b u t i o n p(U). The l e v e l d e n s i t y of the res idual nucleus 



250 

has to be determined from other sources but is not of crucial importance 
here. Given a y-ray strength function to start with, we calculate the ener
gy distribution of primary y-rays emitted by the capture states and the 
total spectrum which is the sum of the primary distribution and the cas
cade y-rays. This total calculated spectrum is then compared to the measu
red distribution in the region containing only capture y-rays, i.e. for 
E > En. The level density being fixed, the fCE^) function is changed ac
cordingly up to a good agreement is obtained between the measured and cal
culated shapes in the region of the fit. The y-ray strength function is 
extrapolated down to E^ = 0 to obtain the entire capture spectrum. The 
extrapolation of the capture spectrum is thus replaced by the extrapolation 
of the fCEy) function. A different p(U) distribution would give another 
energy dependence for fCE^) in the region of the fit and a different extra
polation to zero but this effect introduces a small additional uncertainty 
on the deduced cross sections. Anyway this extrapolation is minimized be
cause determined for the spectrum obtained at the lowest neutron energy 
(Ejj = 0.5 MeV) and then used for the other energies as well. To get the 
number R^ of capture reactions having occured in the sample, the primary 
energy distribution Vp is defined with the following normalization : 

/ 

U 
max 

v̂ (Ê )̂ dÊ ^ = 1 (1) 

n 
E p y y 

i.e. we consider only those transitions to bound states and to states within 
a narrow range above B^ where rY>rn. The number of reactions is then given 
by the ratio between the observed y-ray spectrum SCEy) and the calculated 
total spectrum per capture v (E ) : 

•U /,U 
R 
c 

n n 

with Ujĵ jj ^ ^n '*' ^n where B^ i s the neutron separation energy. So we use the 
shape of the measured d i s t r i bu t ion to get the energy d i s t r i b u t i o n of p r i 
mary and t o t a l capture y-rays emitted per capture react ion and i t s absolute 
value to determine the number of capture reac t ions . Combined with the neutron 
fluence <1> and the number of nuclei N in the sample, we deduce the capture 
cross section : 

°ny " '̂ TT(da/dn)gQo = ATT R̂  / 0 N (3) 

The calculat ion of the to t a l capture d i s t r i b u t i o n i s necessary with 
t h i s method because the contr ibution of cascade y-rays i s important and adds 
to the primary y-rays so the common integrated spectrum technique cannot be 
used. This i s only possible when the incident neutron energy E^ i s larger 
than the neutron separation energy Bj, because the capture d i s t r i b u t i o n 
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conta ins then only primary y - r a y s . 

Another way of deducing the number of capture react ions when s tar t ing 
with the energy d i s t r i b u t i o n of y -rays emitted by the sample i s to use the 
pr inc ip l e of energy conservat ion . The number of react ions R'j. i s then given 
by : 

[' - f ^^^ E S(E ) dE / u (A) 
c Ĵ  y Y y / max 

However, the observed spectrum S(Ey) has also to be extrapolated from E^ 
E„ down to zero energy. For this extrapolation, we assume first that the 
spectrum has the following energy dependence : 

S(E ) dE X exp (- a E ) dE (5) 
y y y Y 

where a i s a cons tant . Sometimes, the y-ray spectrum dev ia t e s considerably 
from t h i s behaviour (bumps in spectray md rhis extrapolat ion i s very un
c e r t a i n . As a second p o s s i b i l i t y , we assume a constant value for Ê  < E^, 
i . e . S(Ey) * S(Ej^) in t h i s region. At low neutron energy, t h i s method of 
deducing capture cros s s e c t i o n s i s easy to apply as the extrapolat ion range 
i s pret ty small and a l s o weighted by the E^-factor (eq. A) and s t a t i s t i c a l 
model c a l c u l a t i o n s are avoided. However, for larger neutron energ ies , 
t h i s energy conservat ion method i s l e s s accurate because of the d i f f i c u l 
t i e s of extrapolat ing a spectrum having r e l a t i v e l y poor s t a t i s t i c s . Conse
quently, the d i s t r i b u t i o n r a t i o method i s preferred for neutron energ ies 
above 1.0 MeV. It has been observed that the r e s u l t obtained with the 
d i s t r i b u t i o n r a t i o method was between the too va lues deduced using the 
energy conservat ion p r i n c i p l e . 

IV. Pu l se -he igh t weight ing technique 

Recently , we have applied the weighting technique to our Nal p u l s e -
height spectra to determine capture c r o s s s e c t i o n s [ 3 ] . In p r i n c i p l e , t h i s 
technique could be appl ied to any kind of Y-ray detec tor to measure neutron 
capture c r o s s s e c t i o n s . In t h i s technique, a weighting function W(I) i s 
introduced so that the t o t a l energy emitted by the sample can be d i r e c t l y 
obtained from the observed pu l se -he ight d i s t r i b u t i o n C(I) : 

= ' - /o 
I 

"^^ C d ) W(I) dl (6) 

Dividing t h i s t o t a l energy, corrected for the energy l o s s in the sample, 
by Umax g i v e s the t o t a l number of capture r e a c t i o n s . The weighting funct ion 
W(I) was e a s i l y obtained as the e f f i c i e n c y and the response funct ions were 
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known from 1.0 to 12.5 MeV and was extended down to zero energy. But the 
p u l s e - h e i g h t d i s t r i b u t i o n C(I) has a l s o to be e x t r a p o l a t e d in the r eg ion 
of the ( n , n ' y ) c o n t r i b u t i o n and d i f f e r e n t e x t r a p o l a t i o n s have been used : 
c o n s t a n t . l i n e a r and e x p o n e n t i a l . For t h i s purpose , the e x t r a p o l a t i o n of the 
p u l s e - h e i g h t spectrum i s p r e f e r r e d to the e x t r a p o l a t i o n of the weighted 
spectrum for i t i s e a s i e r to use t h e smooth dependence of t h e p u l s e - h e i g h t 
spectrum for E^ > E^. The e x t r a p o l a t e d p a r t of t h e t o t a l c a p t u r e spectrum 
i s very important fo r high neu t ron e n e r g i e s (E^ > 2 MeV) and the deduced 
c r o s s s e c t i o n i s ve ry u n c e r t a i n . Consequent ly , i t was observed t h a t t h i s 
technique was d i f f i c u l t to apply fo r En > 1.5 MeV. 

V. (n^yn') cross sections 

A r a d i a t i v e c r o s s s e c t i o n cr̂  , can be def ined when us ing t h e fol lowing 
no rma l i za t i on for the pr imary spectrum : 

/ 

U 
^^"^ V (E ) dE = 1 (7) 

P Y y 
0 

This corresponds to the deexcitation of capture states to bound and unbound 
states, i.e, to (n,y) and (n,yn') processes, respectively. The (n,yn') cross 
section can thus be deduced by difference : 

o(n,yn') = a^^^ - a(n,y) (8) 

This cross section is very small at 0.5 MeV but increases with neutron 
energy. 

VI. Conclusion 

From the r e s u l t s ob ta ined w i th t h e d i f f e r e n t ways of deducing the 
cap tu re c r o s s s e c t i o n when s t a r t i n g wi th t h e p u l s e - h e i g h t spectrum given 
by the Nal spec t rome te r , we saw t h a t t h e d i f f e r e n t s o l u t i o n s can be a p p l i e d 
for neut ron e n e r g i e s below 1.0 MeV, or so . However, for h igher neu t ron 
e n e r g i e s , the d i s t r i b u t i o n r a t i o method i s t h e only one we can r e l y on b e 
cause we have t h e r e a p o s s i b i l i t y of c a l c u l a t i n g t h e e x t r a p o l a t i o n of the 
cap tu re spectrum in the low-energy r e g i o n . Apart from the a c t i v a t i o n t e c h 
n ique , which i s r e s t r i c t e d to r a d i o a c t i v e n u c l e i , t h i s method can be app l i ed 
for any neut ron e n e r g i e s t hus f i l l i n g the gap wi th the a p p l i c a t i o n of the 
i n t e g r a t e d spectrum t echn ique . As an example, we p re sen t in t a b l e I the can-
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ture cross section of natural Pt for neutron energies of 0.5 and 3.0 MeV as 
obtained with the gamna-ray energy distribution and pulse-height weighting 
techniques. As far as the (n,Yn') cross sections are concerned, we found 
a(n,Yn') ;̂  0 at 0.5 MeV and o(n,Yn') ;v̂  2A mb at 3.0 MeV, i.e. a larger 
cross section than for the capture process. 

nat. Table I - Neutron capture cross sections of Pt at 0.5 and 3.0 MeV 
Comparison between the different techniques. 

method 

Gamma-ray energy 
d i s t r ibu t ion 

ext rapola t ion 

d i s t r i b u t i o n r a t i o 
(Method I) 

Constant 
'\xponential (method II) 

'ulse-height weighting Constant 
Exponential 

a^^(mb) 

F -0.5 MeV 
n 

93.5 

91.0 
93.5 

82.5 
92.0 

F - 3.0 MeV 
n 

:?o.o 

16.0 
18.5 

16.0 
18,5 
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Discussion 

QUESTION: R. Chrien 
Do your calculated curves include (n;n',y). 

ANSWER: S. Joly 
No, the statistical calculations we make are only for the capture contribution 
in the low energy part of the measured energy distribution and do not include 
(n;n',Y) estimates. 

QUESTION: F. Corvi 
I was struck by the fact that the weighting function which you have calculated 
for your Nal(TJl) detector increases rather steeply with energy. The shape 
of the response function in Nal(Til) should favor an increase of the slope of 
W(Ey) less important than that for liquid scintillators of the CgDg or 
C5F5 type. Can you comment on that? 

ANSWER: S. Joly 
The figure presents the weighting function when using the Nal spectrometer 
in the anti-compton mode so that a large part of the compton component is 
rejected and this is responsible for the non-linearity of weighting function. 
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FAST NEUTRON CAPTURE CROSS SECTION MEASUREMENT 

WITH PULSE-HEIGHT WEIGHTING TECHNIQUE 

N. Yamamuro, M. Igashira and M. Shimlzu 

Research Laboratory for Nuclear Reactors 
Tokyo Institute of Technology 

ABSTRACT 

Neutron capture cross section measurement has been perfomed 
in the energy range from 200 to 610 keV with the pulse-height 
weighting technique. Monoenergetic neutrons were generated by 
^Li(p,n) reaction, and capture gamma-rays emitted from a sample 
were detected with a hollow cylindrical NE-213 scintillation 
detector. The volume of the scintillator is about 10 liter. An 
annular graphite gamma-ray absorber was inserted into the center 
of the detector as to make the weighting function straight as pos
sible. To reduce the background, a cube of AO-cm boric-acid and 
paraffin surrounded the neutron source, and a hollow cylindrical 
shield consisting of 10-cm thick lead and 35-cm thick boric-acid 
and paraffin surrounded the detector. The capture cross sections 
of 165HO at the neutron energies of 200, 300! A60, and 610 keV were 
obtained from the relative values to the ^5'Au(n,Y) cross sections 
which were quoted from the ENDF/B-V file. The uncertainty of the 
data was 8 ̂ 10 X. 

I. INTRODUCTION 

The pulse-height weighting technique^' is a useful method for the capture 
cross section measurement, because it can in principle be applied to any gamma-
ray detector that is insensitive to the neutron. The CgFg^"^^ and the C5D5 
scintillators^"') are widely used for the capture cross section measurement 
with the pulse-height weighting technique. These detectors are cylindrical 
and have the small solid angle to avoid the detection of more than one gamma-
ray from the same capture event, since the excess weight is in general imposed 
in that case. However, a detector with large solid angle can be used when the 
weighting function of the detector is represented by a linear function of the 
energy. In a case of the linear weighting function, the weight for two gamma-
rays count simultaneously is the same as that for these two gamma-rays count 
nonsimultaneouslyS). 

The lO-liter NE-213 liquid scintillation detector with the shape of hollow 
cylinder was designed to measure the capture cross section in the neutron 
energy above 100 keV. An annular graphite absorber was inserted into the 
center of the detector as to make the weighting function linear as possible. 
To study the performance of the detector, the capture cross sections of 165HO 
and 197AU at the neutron energies of 200, 300, A60, and 610 keV were measured 
with the pulse-height weighting method, in which 197Au(n,Y) cross sections 
were used as the reference. The detector and the response to the gamma-ray 
detection are described in Section H , and an experiment of the capture cross 
section measurement in Section IH. In Section IV , the result and discussions 
of the present study are given. 
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JL. HOLLOW CYLINDRICAL DETECTOR AND RESPONSE TO GAMMA-RAY DETECTION 

The NE-213 liquid scintillator is sealed in an aluminum container of 
the half of the hollow cylinder with 17-cm inner-diam 37-cm outer-diam and 
13-cm thick. The detector is composed of these two halves, and each has 
two glass windows, on which photomultipliers RCA-8575 are mounted. The 
annular graphite gaimna-ray absorber of 7 cm in the inner-diameter and 19.5 
cm in the length is inserted into the center of the detector. 

The light collection efficiency depends on the position that scintilla
tion occurs, since the windows are small compared with the scintillator 
volume. To obtain the distribution of the light collection efficiency, an 
experiment was carried out with a collimated gaimna-ray beam from Co source. 
The gaTnma-ray beam impinged perpendicularly on the surface of the detector 
from several positions on the circle through the center of window, and the 
pulse-height spectrum was measured at each position. The distribution of 
the light collection was calculated from the probability of direct incidence 
of the light to the window, which is proportional to the solid angle subtended 
by the window at the scintillation point, and from that of indirect incidence 
after many times reflection on the wall of the container. The fraction of 
the contribution of the indirect incidence was derived from the experiment 
mentioned above as a function of the position on the circle. The distribu
tion of the light collection efficiency is shown in Fig. 1, obtained when the 
radiation occurs at the same rate in the cells of the scintillator which are 
defined by dividing the radial direction by the equal distance and the direc
tion of azimuth by the equal angle. 

The responses of the detector to the monoenergetic gamma-rays were meas
ured using several gamma-ray sources placed on the center of the detector 
from 1.25 MeV ( mean of 1.17 and 1.33 MeV gamma-rays from ^°Co ) to 7.48 MeV 
( 9Be(p,Y) reaction ). On the other hand, responses were calculated with a 
Monte-Carlo method, which can consider the gairana-ray interactions in the 
absorber and the scintillator, and were broadened by the distribution of the 
light collection efficiency. As the result of comparing the calculated spec
trum with the experimental one, the energy resolution of the detector was 
determined. Fig. 2 shows experimental and calculated pulse height spectra 
for 60co. 

The weighting function of the detector was calculated for 1 to 7 MeV 
gamma-rays assuming the formula, W(E) = aE + bE2 + CE3, While the present 
weighting function obtained by inserting the 5-cm thick carbon absorber be
tween the sample and the scintillator was not linear, the uncertainty produced 
from the excess weight was calculated to be less than 2 % in the case of a 
typical simultaneous two gairana-rays detection. 

HE. EXPERIMENT 

Monoenergetic neutrons were generated by '^L±(p,n) reaction induced by 
pulsed proton-beam from the Tokyo Institute of Technology 3MV Pelletron 
accelerator. The neutron energies used in this study were 200, 300, 460 and 
610 keV with the spread of + 20 keV. A sample was placed at 185 cm from'the 
neutron source, and capture ganmia-rays emitted from the sample were detected 
with the hollow cylindrical scintillation detector, described in Section IE 
The neutron source was surrounded by a cube of AO-cm boric-acid and paraffin 
and neutrons were led to 0° direction with respect to the proton-beam by prel 
collimators. The detector was mounted in the shield consisting of.10-cm 
thick lead and 35-cm thick boric-acid and paraffin. By these shields for 
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during the accelerator running increased only about twice what it was without 
running. The neutron flux impinging on the sample was measured by a 1-mm 
thick ^Ll-glass scintillator. Since the 6Ll(n,a) reaction has a large reso
nance at 250-keV neutron energy, an auxiliary lOs slab-Nal neutron monitor 
was used in the present experiment. 

The capture gamma-ray spectrum was measured by means of the time-of-
flight (TOF) method. In the TOF spectrum, the channels corresponding to the 
capture event and both sides of these were selected and signals over these 
channels are recorded in the pulse-height analyzer. After background subtrac
tion and extrapolation of the pulse-height spectrum to the lower energy, the 
weighted spectrum was produced multiplied by the weight. The spectrum was 
extrapolated from the channel corresponding with the incident neutron energy 
to the zero channel, so that the contribution of gamma-rays from the inelastic 
scattering was eliminated. The error introduced by the extrapolation was 
estimated to be less that 1 X, because the weight was small at the lower 
energy region. 

The corrections of the neutron resonance self-shielding and multiple 
scattering in the sample were estimated by the Dresner-Macklin method'»^0) 
and that of the gamma-ray self-absorption by a Monte-Carlo method. 

IV. RESULT AND DISCUSSIONS 

The capture cross sections of Ho were obtained using the 197Au(n,Y) 
cross sections from ENDF/B-V file as the reference. The result is shown in 
Fig. 3 with the other data. The uncertainty of the present data is 8*^10 X, 
but that at 300 keV is 15 % due to the lower neutron yield of 'Li(p,n) reac
tion at that energy. The present results agree well with the recent data of 
Macklin and Winters-"-̂ ^ and with the activation cross section measured by 
Johnsrud et al.^^. Czirr and Stelts's^^^ and Brazosko et al.'s^^) measured 
data, and the ENDF/B-IV evaluated value are also shown in Fig. 3. 

The 10B slab used as the neutron flux monitor in the present experiment 
is small, and the shield for the detector has the long size because it was 
designed for a large annular Nal-crystal used in an anti-Compton or a pair 
spectrometer. The experimental arrangement, in which the small ^^B slab was 
placed at behind the long shield, should be adopted, so that the diameter of 
incident neutron beam at the sample was limited to 30 mm, while the diameter 
of sample is 55 mm. To increase the counting rate of the detector, a 3-mm 
thick gold and a 2-mm thick holmium samples were used. Therefore, the correc
tions of gamma-ray self-absorption in the samples, especially in the gold 
reference sample, became large, resulting in the about 5 X uncertainty of the 
capture cross section. Another main source of the uncertainty is the statis
tical errors of the area of the weighted spectrum, which are 3-̂ 6 Z except 
at the 300-keV data. 

First of all, a large boron slab neutron monitor must be prepared. And 
if non-hydrogenous liquid scintillator can be used in the hollow cylindrical 
detector, the shield for the detector might be much more simple. Then, the 
accurate fast neutron capture cross section can be measured with the 10-liter 
liquid scintillation detector using the pulse-height weighting technique. 
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Discussion 

QUESTION: R. Block QUESTION: R. Block 
Hov does the efficiency of the 10-llter pulse-height-weighting detector 
compare to the efficiency of the C5D5 detector? 

ANSWER: ¥. Fujita 
The efficiency of the 10-llter detector installed with the graphite sleeve 
is 5 to 6 times higher than that of a pair of the C^Dg detectors for a 
typical capture ganma ray. 

QUESTION: S. Mughabghab 
May I have the viewgraph representing the capture cross section of ^^^Uo as 
derived by you on the basis of ENDF/B-V Au evaluation? Examining the figure, 
note that your ^^^Ho capture cross section in the energy range 200 to 610 
keV is neither systematically low or high when compared with other measure
ments. One can then conclude that the ENDF/B-V capture cross section of Au 
is consistent with that of Ho, within the error limits, in the energy range 
200-610 keV. 

ANSWER: Y. Fujita 
I think one cannot Judge the adequacy of the standard cross section used in 
this experiment by using this experimental result. He can only conclude 
this data for ^^^Ho agrees with other measurements. 

COMMENT: W. Poenitz 
I should insert here a remark. According to the CSISRS file, Czirr has 
withdrawn his data at higher energies, which are still shown in the figure. 
I also do not know, whether the data by Macklin which are shown in the 
figure are the revised data. There is a factor of 1.07 involved. 
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GAMMA-RAYS FROM RADIATIVE CAPTURE REACTIONS 
^„ 133„ I81„ ._ 197. 
IN Cs, Ta AND Au 
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Tokyo Institute of Technology 

Y. Fujita and K. Koba;̂ ashi 

Research Reactor Institute, Kyoto University 

ABSTRACT 

Gamma-ray spectra following neutron capture in -'••̂ Ĉs, °-'-Ta 
and 197AU have been measured at the neutron energy from 1.5 to 
75 keV using linac-TOF method. A sample was located at 12 m from 
the neutron source, and a pair of deuterated benzen (CgDg)liquid 
scintillation detectors with 11 cm diam by 5 cm thick was set at 
the both sides of sample. Response functions of the detector were 
calculated by a Monte-Carlo method, and the energy resolution of 
the detector was determined by comparing the calculated energy 
deposit spectra with the measured spectra. To unfold the gamma-
ray spectrum from the observed one, a 93^256 gamma-ray response 
matrix was generated by interpolation from the response functions. 
The capture gamma-ray spectra for cesium, tantalum and gold were 
obtained by means of the unfolding code FERDOR. The spectra in 
gold and cesium show the 5.5 MeV anomaly, as expected from other 
experiments. The gairana-ray strength functions were calculated by 
the spectrum-fitting method. As the result of this calculation 
in gold, it was found that the better spectrum fitting was ob
tained if the two pigmy resonances were assumed to exist at 5 MeV 
and 6 MeV, 

I. INTRODUCTION 

A gamma-ray spectrum following neutron capture is observed in a capture 
cross section measurement with the pulse-height weighting technique to cal
culate a weighted spectrum^). The emitted gamma-ray spectrum can be derived 
from the measured pulse-height spectrum, whenever we have precise response 
functions of the detector. In many measurements of gamma-ray spectrum for 
neutron induced reaction, an Nal scintillator was used. Although the liquid 
scintillator, used in our capture cross section measurements, has poorer 
energy resolution than that of Nal scintillator, it can be expected that the 
capture gamma-ray spectrum is obtained, from which a gamma-ray strength 
function is derived using the spectrum-fitting method^). 

The energy dependence of gamma-ray strength function is often represented 
by a Lorentzian function which describes the giant-dipole resonance photo-
absorption cross section. However, there is a definitive fact that the 
anomalous bump at about 5.5 MeV was found for some nucleus near closed shells 
For cesium and gold, several authors measured gamma-ray spectra at keV-and MoV 
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spectra^"®'. Because of the small number of the gamma-ray spectrum data at 
keV-region, the gamma-ray pulse-height spectra following keV-neutron capture 
are measured by means of Linac-TOF method and are unfolded using the response 
functions of the detector for Cs and Au, with Ta which is expected to have 
no bump in the spectrum. 

In the present paper, the experimental procedure for gamma-ray spectrum 
measurement is described in Sec. H , the spectrum unfolding and the gamma-
ray strength function extracted are discussed in Sec. m . 

n . EXPERIMENTAL PROCEDURE 

The pulsed white neutron beam was generated from a tantalum photo-neutron 
reaction induced by irradiation of 30-MeV electron beam from the KUR linear 
accelerator. The collimated beam of A6-mm diam impinged on a sample, mounted 
at 11.7 m from the neutron source. A pair of deuterated benzen (C6D5)llquid 
scintillation counters with 11-cm diam by 5-cm thick was placed at the both 
sides of sample and the capture gamma-rays emitted from the sample were 
detected by these counters. The experimental arrangement and the electronics 
system were almost the same as that shown in the previous papers^*9), 

A sample of 133cs is cesium-oxide (Cs20) powder with 0.0099 cesium atoms 
per bam in thickness, which is encapsulated in an aluminum cap. Gold and 
tantalum samples are metal plates of 2.0-mm thick. The signal of counters 
was fed to a pulse-height analyzer gated with timing signal, which is gener
ated by delay and gate generator. Since the capture gamma-ray spectrum hardly 
changed in the keV-neutron region, the signals corresponding to from 1.5- to 
75-keV neutron capture were summed to reduce the statistical uncertainty of 
data. An open beam run and a lead run were carried out for background deter
mination. The total background count in the pulse-height spectrum was 13 X 
for tantalum and 20 Z for cesium and gold. Since the spectrum of background 
was composed of low energy gamma-rays and 2-MeV gamma-rays, which were proba
bly emitted from neutron capture with hydrogen, the signal-to-noise ratio in 
the region above 2 MeV is better than the value mentioned above. 

The response functions of the detector are necessary to unfold the mea
sured spectrum. Because monoenergetic gamma-ray sources in the wide energy 
range are difficult to obtain, we calculated the response functions of the 
detector using a Monte-Carlo method, and determined the energy resolution of 
the detector by comparing the calculated energy deposit spectra with the 
measured pulse-height spectra. Gamma-ray sources used are 137cs(0.662 MeV), 
2ANa(1.37 and 2.75 MeV), Am-Be(A.AA MeV), and 16N(6.13 MeV). The standard 
deviation 0(E) in the Gaussian resolution function, which is a function of 
the energy E, is given by the relation^O) 

[^f P + Q/E , (1) 

and the most probable values of parameters P and Q are determined by the least 
square method. 

Because ^°N has half-life of -7 sec, the spectrum measurement should be 
carried on as producing the source with the ^^0(n,p)^^N reaction. The 
neutron producing target of the linear accelerator was placed in a water tank 
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pipe. The 6.13-MeV gamma-rays emitted from ^^N after g-decay were detected 
by two CgDs scintillation counters mounted on the both sides of an aluminum 
chamber at the 12-m station. 

A 93x256 gamma-ray response matrix for the €(,!)() scintillation counter 
was generated by interpolation from the response functions, determined as 
mentioned above. 

m . GAMMA-RAY SPECTRUM AND STRENGTH FUNCTION 

The gamma-ray spectrum was derived with a unfolding code, FERDOR-'--'-̂  . 
Figures 1, 3 and 5 show the capture gamma-ray spectra for 197Au(n,Y), 
133Cs(n,Y), and 18lTa(n,Y) reactions, respectively. The gamma-ray intensity 
V(EY) is normalized to satisfy the equation 

L E • V(E )dE = E^ + E (2) 
• ' O Y Y Y B n ' 

because the inelastic-scattering is negligible in the present experiments, 
where the Eg and Eĵ  are the neutron separation energy and the mean incident 
neutron energy, respectively. Also the gamma-ray self absorption in the 
sample was assumed to be negligible. 

Gamma-rays from the ^^'ku(.n,y) reaction show the enhanced high energy 
gamma-ray transition ..around 5.5 MeV. This fact was-found by many authors^~°^ 
in the wide energy range of neutrons from thermal to MeV-region. In those 
studies, experimental spectra with thermal and 15-keV neutrons showed two 
pigmy resonances at about 5- and 6-MeV gamma-ray energies^/. In the present 
result for the 197Au(n,Y) reaction, it can be expected that two bumps exist 
in the higher energy region, as shown in Fig. 1. 

The average gamma-ray spectral distribution V(EY) are represented by the 
average gamma-ray transition probability, or gamma-ray strength function f(EY)> 
and by the level-density distribution P(U). Therefore, if we make the assump
tion that only dipole gamma-ray emission is important at all energies, we 
may be possible to calculate the dipole gamma-ray strength function from 
the spectral distribution with the assumed level-density distribution by means 
of the spectrum-fitting method^). In the calculation, the profile of the 
gamma-ray strength function is assumed to be 

^ G ^ 
•y) = ; rir^ ^— exp}L(E - E ^ ) 1 
^ ( E 2 - E _ 2 ) 2 + (r^E ) 2 I G Y G i y G ^ G Y 

r . E 

i ^ ( E ^ 2 _ E ^ 2 ) 2 + (r^j,^)2 I 1 Y 1 J 

The first term of the right side of eq. (3) has the shape of the Lorentzian 
multiplied by a exponential reduction factor in below the peak energy E of' 
the giant-dipole resonance, where TQ is the width of this resonance. xSe 
second term corresponds to the pigmy resonance of energy Ei and width r^. 
The parameter C^ is the relative contribution of the pigmy resonance with 
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from the photoneutron cross sections edited by Berman^2). AS the level-
density distribution, Gilbert and Cameron's formula^^) was employed, and 
parameter a used in the calculation is shown in Table I. 

The gamma-ray strength function for 198AU has been obtained in two 
cases of one pigmy resonance and two pigmy resonances. From Fig. 1, it is 
clear that we can obtain the better fitting to the experimental spectrum 
with t%«> pigmy resonances, the width of which is about 1 MeV. The values of 
parameters obtained are shown in Table I. The strength function in absolute 
unit was calculated using the total averaged radiative width, which was 
determined from the resonance data, near the neutron separation energy of 
the compound nucleus. 

The present gamma-ray strength function for 198AU agrees with that of 
Lundberg and Starfert^) and both functions exceed that for the Lorentzian 
tail of the giant-dipole resonance between A.5 MeV and 6.5 MeV. While, 
Joly et al.'s strength function^), shown in Fig. 2 by the dot-dashed line, 
shows a lack of strength compared to the Lorentzian extrapolation. Earle et 
al.7) also show a lack of strength from the Lorentzian, especially below 
6 MeV gaoma-ray energy. The reason of these discrepancies is not clear, 
but a part of it may be depend on the difference of the methods determining 
the absolute unit and of the utilized level density distribution. 

The capture gamma-ray spectrum for ^33^3 aigo showed that the higher 
energy gamma-rays were enhanced, as shown in Fig. 3. Bergqvist et al.^) and 
Brzosko et al.^) also show the bump around 5.5 MeV in the gamma-ray spectrum 
for the ^33cs(n,Y) reactions at the neutron energy of 20 keV and AOO keV, 
respectively. We extracted the gamma-ray strength function from the experi
mental spectrum, assuming one pigmy resonance exists. The result is shown 
in Fig. A with the strength function, which is the extrapolation to the lower 
energy region of the Lorentzian shape of the giant-dipole resonance. The rel
ative contribution of the pigmy resonance with respect to the giant resonance 
cannot be exactly determined. 

The gamma-ray spectrum and the gamma-ray strength function deduced for 
tantalum are shown in Figs. 5 and 6, respectivery. Many experimental studies 
3~7) showed that the gamma-ray from the l°lTa(n,Y) reaction have no bump at 
the higher energy region. However, the experimental spectrum does not agree 
with the calculated one, shown in Fig. 5 by the dotted line, in which the 
Lorentzian shape of the giant resonance is used as the gamma-ray strength 
function and the discrete transitions from the higher excited level to the 
level near ground state are neglected. Considering the reduction factor of 
exp (LG( Ey" ^G ) | » ^^ can obtain the better fitting to the experimental 
spectrum, as shown in Fig. 5 by the solid line. The value of LQ is about 
0.3 in the present case. The corresponding strength functions obtained are 
shown in Fig. 6 by the dotted and the solid lines, respectively. The present 
result of the gamma-ray strength function for ^°^Ta agrees fairly well with 
the Earle et al.'s data at the neutron energy of 2.6 MeV^), and the Joly's 
recent result at the neutron energies between 0.5 and 3.0 MeV^^), though 
the level density distribution used is different each other. 

y. CONCLUSION 

The gamma-ray pulse-height spectra for 197Au(n,Y), 133cs(n,Y), and 
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liquid scintillation detectors at the neutron energies between 1.5 and 75 
keV. The spectra were unfolded with the response functions of the detector 
and the unfolding code FERDOR. The emitted gamma-ray spectra following the 
neutron capture in 197AU and I^SQS showed the enhanced gamma-ray transition 
around 5.5 MeV, while the spectrum for ISlia showed no bump. The gamma-ray 
strength functions were derived from the emitted spectra using the spectrum-
fitting method. The best fitting are obtained assuming two pigmy resonances 
at 5 MeV and 6 MeV for gold, one pigmy resonance at 6 MeV for cesium. In the 
case of tantalum, including the reduction factor in the profile of the strength 
function approaches the calculated spectrum to the experimental one. 
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Table I. Parameters used in the calculation of the spectrum-fitting 
and parameters of the gamma-ray strength function derived. 

« ^ 4 198. 13A^ 182^ 
Nuclei Au Cs Ta 

56.6 

21.lA 

0.28 

Total radiation 
width 

Level density 
parameter a 

Reduction 
factor LQ 

Parameters of 
pigmy resonance 

Ci 

Ei 

Ti 

Li 

(meV) 

(MeV)-

(MeV)-

(MeV) 

(MeV) 

(MeV)" 

-1 

-1 

•1 

0, 

5, 

1, 

0, 

125 

18.765 

0.21 

.01 0.05 

.0 5.8 

.1 1.1 

.2A 0.2A 

118 

1A.85 

0.15 

0.01~0.02 

5.8 

2.0 

0.15 
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Discussion 

COMMENT: R. Chrien 
Just a comment. Your photon strength function obtained for Ta is in excellent 
agreement with the studies by Bartholomew and his collaborators, who studied 
(d,p) and (n,Y) reactions. 
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AVERAGING o ( n , Y ) IN THE TRANSITION REGION E^ = 1-150 keV 

by 

R. L. Macklin 
Oak Ridge National Laboratory, 

Oak Ridge, Tennessee 37830 USA 

Abstract 

The technique of determining a smooth average neutron 
capture cross section by least squares adjustment of 
strength flinctions is illustrated for ^^^f(n,Y) high 
resolution data from ORELA. The s-, p- and d-wave neutron 
strength functions and rY/<D£_o> found agree well with 
systematics, model calculations and other experimental 
information despite their strong correlation v*ien deter
mined solely from the capture data. 

For many isotopes, such as the fission products, the measured capture 
cross sections exhibit clearly defined resonances t?) to a few keV but a 
nearly smooth energy dependence beyond 150 keV. Techniques for representing 
average capture between these extremes include histograms for chosen energy 
intervals and linear eye-guides to the data on double logarithmic plots. 
Plots of cross section times velocity are often used to remove nuch of the 
slow energy dependence. 

A more informative approach uses the optical and statistical models to 
describe average capture with adjustments of model parameters to fit measured 
data. Capture cross sections below ~ 120 keV are not equally sensitive to 
the dozen or more available parameters and a usable subset can be expressed 
as four energy independent strength flinctions SQ, SI, S2 and Sy In|X5sing a 
further relation 

Dj = Djuo/gj ' 8J = (2J+1)/2(2I+1) (1) 

where D is an average level spacing, J a resonance spin, I the target spin, i. 
the relative orbital angular momentum or impact parameter and g the statisti
cal weight factor, introduces the scaling factor or renormalization property 
of Djj-Of the average s-wave spacing. Each strength flinction Is defined as a 
ratio of the average width to the average spacing and the absolute cross sec
tion (fully correlated over energy) can be viewed a5 inversely proportional 
to the spacing parameter with the average (reduced) widths sensitive only to 
the energy dependence of the cross section. To effect this factorization for 
the neutron strength flinctions one needs width fluctuation corrections, for 
both one and two channel population of the resonances. 
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A recent example using this technique is the ^^^f(n,Y) cross section.'' 
Thirteen thousand data points covered ttie energy range from 2.6 to 150 keV, 
giving about five points per resolution width (full width at half maximum). 
For strength function fitting these were first averaged into several hundred 
250-eV bins. The experimental resolution and counting statistics are then 
negligible in comparison to the nuclear structure. 

An average capture cross section is calculated as^»3 

<o^>-^T. E g, Z <̂ J(°.̂ J'><̂ J'̂ )> F (2) 
k ^ JI J •' J Oj <rj> 

where j is a neutron channel spin and F is a correction factor dependent on 
the ratio of average radiation width to average neutron width . 

The average neutron widths vary smoothly with energy for each i value and 
are conveniently related to the nearly energy independent neutron strength 
functions by 

<gr^ = SgP^{2M) (4) 

and 

rj(n,il) = rj(n,£) Vji /E^/l eV (3) 

The square root, evaluated at 1 eV is a traditional method of avoiding the 
arbitrary assumption of a square well radius (e.g., R = 1.35 A''/3 f^) fop the 
s-wave strength function v*iere Vĵ  = 1. For the p-wave and d-wave penetrabi
lities it is traditional to report data using the square well formulas 

Vi = k2R2/(1+k2R2) 

V2 = k'*RV(9+3k2R2 + k'̂ R'*) 

where k is the neutron wave number, proportional to the neutron velocity. 

Clearly further simplifying assumptions about the distribution of average 
reduced neutron width and radiation width over resonance spin (and channel) 
for each partial wave are needed to implement the formulation. Independent 
evidence from other experiments can readily be incorporated to modify any of 
these assumptions, particularly the use of a single average radiation width 
for all resonances. 

The chief modification seen directly in.capture cross section data is due 
^zawP^l^l";?" "^^^ inelastic scattering.3,4 j^ a few important cases 
( ih, U) the threshold for Inelastic scattering falls below ~ 100 keV 
and the reduction in capture through some of the (A,J^) channels must be soe-
cifically allowed for. 
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In a few oases, particularly near closed shells, one can expect to see 
clusters of strength corresponding to intermediate structure. This can also 
be parametrized and included in the least squares data fitting.5 One of the 
aims of the averaging process, however, is to develop the systematics of 
strength flinction parametrization sufficiently to permit adequate prediction 
of unmeasured cross sections for the broad neutron pectra of terrestrial 
reactors and of galactic stars. 

The research was ^onsored by the Division of Nuclear Sciences, U.S. 
Department of Energy, under Contract No. W-7405-eng-26 with the Union Carbide 
(k>rporation. 
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Discussion 

QUESTION: P. Moldauer 
I am surprised by the large correlation between, say, S- and P-wave strength-
function values, since these are expected to dominate the determination of 
the cross section in different energy regions. 

ANSWER: R. Macklin 
Several answers were proposed; many from the audience but no full understanding 
was reached. Some are: 
1. The Fluctuation Correction introduces S^ vs. S correlation. 

2. The assumption that rY(£=0) is proportional to fyiZ=l) (equal in 
the example shown) used in fitting by least squares intercorrelates the resulting 
neutron strength function. 

3. Systematic imcertaintles (such as sample mass and detector efficiency) 
correlate the data "points" but effect all four strengths equally. Including 
this 100% correlation was avoided for the least squares adjustment. 

QUESTION: W. Poenitz 
The correlations you showed for the parameters, are they based on a simple x 
fit? 

ANSWER: R. Macklin 
Yes. 

COMMENT: W. Poenitz 
You might get quite different correlations between the parameters if the 
correlation of the input data would be taken into account. The input data 
are, of course, correlated. Some errors apply to all energies, etc. Not 
taking this into account might make the results and their correlation 
somewhat arbitrary. 

QUESTION: R. Schenter 
Do you have correlation matrices for your Pd and Ru strength function fits? 

ANSWER: R. Macklin 
The fitting code produced them. They may not have been filed with the 
working papers retained indefinitely but they could be regenerated fairly 
readily. 
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Discussion Continued 

QUESTION: R. Block 
I do not understand why the S^ and Sj correlation is so large, especially 
when the t^ conponent of the capture cross section is dominated by the data 
below 5 keV where t-l capture is at least an order of magnitude smaller. 

ANSUER: R. Macklin 
See Moldauer's question which is closely related. 

QUESTION: R. Peelle 
An I correct in thinking that your fit in terms of strength functions 
differs from that discussed this morning by Froehner (FITACS) in that he 
would also Input data from the resolved resonance region and total, etc., 
cross sections when they are available? 

ANSWER: R. Macklin 
Yes. For many even isotopes with low level density I also use an SQ value 
from other sources and only adjust S^, S2 and Sy to the capture 
data. 

QUESTION: S. Mughabghab 
I would like to make a comment that, in capture measurements, it is customary 
to find the value derived from the resolved neutron resonances and then 
extract the other parameters: p- and d-wave neutron strength functions and 
s-and p-wave gamma ray strength functions. This reduces the uncertainty of 
the derived parameters (i.e. dependence on S^) providing of course there 
is no energy dependence of the S-wave neutron strength function. Such an 
approach was followed by Macklin in his studies of Pd and Ru Isotopes and 
Konskov et al. in the studies of the rare earth region. 

ANSUER: R. Macklin 
Caution; the revised (corrected) Pd(n,Y) data (CSIRS Files) should be 
refitted with strength functions if they are desired. F. Froehner's FITACS 
code should be useful. 

COMMENT: F. Froehner 
I would like to make a comment in this context. One of the things we 
learned In using FITACS was that you should not use the strength functions 
froa low-energy resonances. The reason is that these are usually local 
values. You want soiaething which Is valid over a larger energy range. This 
is the reason why we put in this Information as a-priorl but with a certain 
margin for adjustment, and then we go to the full energy range and see what 
cones out. It is usually 20 or 50Z different. 
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Discussion Continued 

COMMENT: S. Mughabghab 
That is not bad. Considering the expected statistical error. 

COMMENT: P. Moldauer 
There is another comment to be made here. If you use the strength function 
in this way the strength function can really be an energy dependent quantity. 
The optical model gives the energy dependence of the neutron strength 
function. 

COMMENT: F. Froehner 
What we determine in this approach is something which could be called an 
effective strength function which Is a weighted average over the region 
where, say the p-wave strength function is important. 

COMMENT: P. Moldauer 
I think it is true that if you are sitting in the vicinity of an s-wave 
strength function, in the space of a few hundred keV from neutron threshold, 
you can have a considerable variation in the value of the strength function. 

COMMENT: F. Froehner: 
Let me show you here the strength functions from the spherical optical model 
in the range up to 15 MeV. You can see that in a slice of a few hundred keV 
the variation is small. 

COMMENT: P. Moldauer 
This is in a vicinity of a p-wave resonance, if you would have done it in a 
s-wave peak, say for Fe, you would get something different. 
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GORREXTTION IICHNICJUES FDR CROSS SECTION A^D ANGUIAR 
DISTRIBUTION MEASUREME17IS IN FAST NEUTRON CAPTURE 

by 

S. Joly, G. Grenier and J. Voignier 
Service de Physique Neutronique et NuclSaire 

Centre d'Etudes de Bruyires-le-ChStel 
B.P. N° 561 

92542 MONTROUGE CEDEX, France 

Abstract 

In order to have a good s t a t i s t i c s , fa s t neutron cap
ture measurements are u s u a l l y performed with a pret ty 
big sample. However, c o r r e c t i o n s for f i n i t e geometry, 
for neutron and Y-ray absorption and for neutron mul
t i p l e s c a t t e r i n g can be very Important and, conse
quent ly , have to be ca lcu la ted accurate ly . Depending 
on the s i z e of the sample, simple and fas t a n a l y t i c a l 
express ions or more accurate but t ime consuming Monte-
Carlo techniques must be used. We show that for angu
lar d i s t r i b u t i o n measurements, e s p e c i a l l y for small 
asymmetry f a c t o r s , the Day approximation cannot be 
used but Che Monte-Carlo technique instead. These 
techniques are applied to the '''^Au(n,Y) t o t a l and 
^''®Pb(n,Yo) p a r t i a l c ros s s e c t i o n measurements. 

I. Introduction 

In the technique we use to determine t o t a l capture cross s e c t i o n s , the 
de tec t ion s o l i d angle i s very small (of the order of 10~^ sr) and long runs 
are necessary to ge t a good s t a t i s t i c s . General ly , Che mass of the sample i s 
chosen so ChaC Che toCal correcc ion e f f e c t i s l e s s than 20!E. However, in Che 
sCudy of Che neuCron capCure mechanism by measuring Che exclCaCion funcClon 
of a parc lcular crans ic ion as a f u n c d o n of neuCron energy, we are resCricCed 
Co n u c l e i having a h igh- ly ing f lrsC exclced sCaCe because of the r e l a t i v e l y 
poor energy r e s o l u t i o n of Nal deCecCors, i . e . Co c losed s h e l l nuc le i l i k e 
89Y^ *̂*°Ce and ^°®Pb. These nuc l e i have very low capCure cros s s e c t i o n s and 
Che easiesC way Co overcome Chese d i f f i c u l t i e s i s to use a large sample, for 
which Che correcClons w i l l be very ImporCant and should be estimated as accu
r a t e l y a s p o s s i b l e . 
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II. Corrections in fast neutron capture measureinents 

The different corrections to be applied in fast neutron capture cross 
section or angular distribution measurements are : 
- the anisotropy of the neutron producing reaction (As) over the solid angle 
subtended by the sample. The neutron flux is measured at 0° and with this 
correction, the total number of neutrons having interacted with the sample 
is known. 

- the neutron attenuation in the sample which is determined by measurements 
with sample in and sample out ; the deduced attenuation factor is generally 
in good agreement with the calculated value using the total cross section 
and the sample thickness. 

- the neutron attenuation in the air between the sample and the neutron de
tector over a distance of about 2 m. This attenuation is computed according 
to the air chemical composition and the total cross sections for the ele
ments (mainly nitrogen and oxygen). 

- the neutron self-shielding (A^) within the sample because incident neutrons 
are removed out of the flux and, consequently, are not contributing to the 
radiative capture reactions. 

- the Y-ray attenuation (Ay) within the sample. For the determination of the 
capture Y-ray energy distribution necessary to deduce the number of capture 
reactions and then the capture cross sections [l], the y-ray attenuation is 
computed for y-ray energies between 1.0 and 12.5 MeV in steps of 250 keV 
using analytical expressions [2] . For partial capture cross section measure
ments, generally with large samples, the y-ray attenuation for the transi
tion of interest is calculated either with a Monte Carlo technique or with 
analytical method where the sample is divided into a large number of elements 
as explained later. 

- the multiple scattering effect (A^g). For simple geometries and low mass 
samples, simple analytical methods can be used. For total capture cross sec
tion measurements, a disk shape is generally preferred with a large diameter 
(of the order of 6 cm) and relatively small thickness (between 1 and 5 mm) to 
minimize the multiple scattering effect. With this geometry, approximations 
can be used in the transport theory thus giving simple analytical expressions. 
For thin samples and low energy neutrons (£„ < 0.5 MeV) the method given by 
Taste [3] can be used. For higher neutron energies, the more sophisticated 
method proposed by Devaney [4] should be used but these calculations are com
plicated for thick samples for which contribution to the capture yield has 
to be considered up to the fourth or fifth interaction, and then we have to 
rely on Monte Carlo calculations. 

III. Ccnparison between analytical and Monte Carlo techniques 

To estimate the validity of the approximations made with the analytical 
expressions for different sample geometries, we have calculated the correc
tions as given before for two cases : 

i)total capture cross section measurements at Ê ^ = 0.5 and 3.0 MeV for the 
Au(n,y) reaction (geometry given in Table I), 
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l i ) p a r t i a l capCure cross secCion measurements at E^ - 3.8 and 5.9 MeV for 
the ^''^Pb(n,Yo) react ion (geometry given in Table I I ) . 
These correcc ions have a l so been calculaCed using Che Monte Carlo Cechnique. 
To perform Chese c a l c u l a c i o n s we used Che program o r i g i n a l l y wriccen by 
D. SmiCh [5] and modified to treat a l s o samples In a disk shape with their 
a x i s in , or perpendicular t o , the react ion plane and for neutrons of energy 
larger than Che hlghesC Carget exclced sCaCe for which the i n e l a s t i c cross 
secc ion has been measured. The i n e l a s C i c a l l y scaCCered neuCrons are Chen 
characterized by an evaporation d i s t r i b u t i o n corresponding to a nuclear 
cenperaCure T associaCed co Che l e v e l densiCy. 

For Che gold sample, Che neuCron and Y-ray absorpClon correcClons were 
decermlned using simple aCCenuadon formulae. The neuCron source anisoCropy 
e f fecc was calculaCed by means of <d^> which i s the harmonic mean of the 
square of Che disCance from Che neuCron source Co Che sample weighced by the 
angular disCribuClon of the neuCron source. The Devaney meChod was used for 
Che m u l d p l e scaCCering correcc ion . Ue have noC considered Che neuCron a t -
CenuaCions in Che sample or in Che a i r because these are Independent of the 
method for Che comparisons. 

Table I - AnalyCical and Monte Carlo c a l c u l a t i o n correc t ions for the 
'^^Au(n,Y) react ion t o t a l capture cross s e c t i o n s . 

Sample : th ickness (e = 0.15 cm), radius (R = 3.0 cm), mass (M = 82 g ) . 
Geometry : target-sample d i s tance (d = 7.3 cm) 

sample to Y-ray de tec tor d i s tance (D = 80 cm). 
Y-ray d e t e c t i o n angle (By = 90°) - d i sk plane to beam angle 
Od - 45") . 

•neuCron energy 

meChod 

! A 
' y 

A n 

'̂S 
A 
ms 

0.5 

analyClcal 

1.092 

1.041 

1.044 

0.904 

1.073 

MeV 

Monce Carlo 

1.080 

1.031 

1.057 

0.885 

1.043 

3.0 

analyClcal 

1.092 

1.046 

1.082 

0.817 

1.010 

MeV 

MonCe Carlo 

1.089 

1.044 

1.116 

0.866 

1.099 

Table I shows Chat apart from a difference for multiple scaCCering aC 
3.0 MeV, Che resulCs of boCh meChods are in fairly good agreement. We deduce 
ChaC for disk samples, geomecry and absorpClon correcClons can be esCimaCed 
using simple analyClcal expressions, Che difference wich MonCe Carlo results 
for Chese combined effecCs Is less than 17. at 0.5 MeV but Che MonCe Carlo 
Cechnique should be used for esCimaCing Che mulclple scattering if very 
accurate correcClons are necessary. Using the Monte Carlo code and possible 
uncerCalnCies for Che differenc cross seccions, we esCimaCed Che precision 
for all Che correcClons Co be abouC 1551 and, consequenCly, Che corresponding 
conCribuCion Co Che gold capCure cross secClons amounts to about 2X and this 
is relatively small compared Co Che aCaCisClcal and other uncertainties 
introduced in our Cechnique. 
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Table II - Analytical and Monte Carlo calculation corrections for the 
2°^Pb(n,YQ) partial capture cross sections. 
Sample : height (H = 3.9 cm), radius (R = 1.7 cm), 

mass (M = 420 g ) . 
Geometry : target-sample distance (d = 8.3 cm) 

sample to y-ray detector distance (D = 80 cm) 
y-ray detection angle (9 = 90°) 

neutron energy 

method 

A 
y 

A 
n 

\ 
A 
ms 

c = n A , 

3.8 MeV 

analytical 

1.897 

1.334 

1.061 

0.813 

2.183 

Monte Carlo 

1.911 

1.374 

1.061 

0.777 

2.165 

5.9 MeV 

analytical 

1.971 

1.302 

1.164 

0.846 

2.526 

Monte Carlo 

1.949 

1.318 

1.149 

0.759 

2.240 

7 Oft 
Corrections obtained for the Pb(n,y ) reaction are presented in 

Table II and similar conclusions can be drawn. There is a small difference 
concerning the geometry and absorption effects (less than 4%) and this is a 
good agreement due to the large amplitude for these corrections. In the an
alytical method, the neutron and y-ray absorption effects are calculated by 
summing the contribution from various parts of the sample. The grid system 
is made of cubic elements in the code we used for these calculations [6]. 
Generally, the Day approximation [7] is used to estimate the multiple scat
tering effect. In this approximation, it is assumed that the effects of mul
tiple scattering just cancel out the neutron attenuation at the first col
lision and this is obtained by replacing the total neutron cross section by 
the nonelastic cross section. This approximation is thus very easy to apply 
and eliminates long and complex multiple scattering calculations. This ap
proximation gives fairly good results at 3.8 MeV but there is a 11% differ
ence with the Monte Carlo calculations at 5.9 MeV. Moreover, with the large 
amplitude of the corrections for this lead sample, the correction contribu
tion to the capture cross sections error is about 15% which is very important. 

IV. AngiiLar dependence of the corrections 

To determine asymmetry factors, or angular distributions, it is neces
sary to calculate the corrections at each angle. These corrections are very 
important for small asymmetry factors where uncorrect estimates could change 
the final value. In Table III, we have compared the corrections obtained at 
three angles for the ^°^?h(n,y^) reaction using the same analytical method 
and experimental conditions as in Table II. 
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Table III - Angular dependence of the correc t ions at E - 5.9 MeV 
n 

method 

angle 6 
* Y 

A . abS'*-geom. 
A 
ms 

c - n Â  

analytical 

55° 

3.466 

0.819 

2.839 

90° 

2.987 

0.846 

2.526 

125° 

2.638 

0.869 

2.292 

Monte Carlo 

55° 

3.448 

0.770 

2.655 

90° 

2.951 

0.759 

2.240 

125° 

2.574 

0.742 

1.910 1 

From Table III we see that the angular dependence of the t o t a l correc
cions i s quiCe differenC for the two techniques and i s mainly due to the 
mul t ip le s c a t t e r i n g e f f e c t . The f i r s t row takes into account the geometry 
and the neutron and y-ray absorption e f f e c t s but the forward-to-backward 
correct ion d i f f e r e n c e i s only 2 7, between the two methods. The angular depen
dence for the mul t ip le s ca t t er ing correc t ion i s oppos i te so that the t o t a l 
forward-to-backward correc t ion r a t i o i s 1.24 for the a n a l y t i c a l method 
using Che Day approximaCion and 1.39 with the Monte Carlo technique thus 
g iv ing larger asymmetry f a c t o r s . 

208 
The 2.615 MeV l i n e from neutron i n e l a s t i c s ca t ter ing on Pb ^as a l s o 

recorded in the experiment ; t h i s i s a 2* -• 0* t r a n s i t i o n and, consequently, 
the i n t e n s i t y should be symmetric compared to 90° . When the i n t e n s i t i e s at 
55° and 125° are corrected for the d i f f e r e n t e f f e c t s i t i s found that the 
2.615 MeV y-ray I n t e n s i t i e s are equal within 2.57 as expected. The i n t e n s i t y 
at 55° Is corrected by a factor 1.23 compared to the i n t e n s i t y at 125° and 
Che syimnecry of Chis t r a n s i t i o n a f t er correc t ion by such a large factor 
CesCifies of Che va l id iCy of our correccion technique. 

V. Conclusion 

This study has shown Chat a n a l y t i c a l methods could be used for geometry 
and absorption e f f ecc correcc ions whaCever the dimensions of the sample are . 
However, chese simple methods can be used for the mul t ip le sca t ter ing c o r 
recc ion only for simple sample geomeCrles l i k e Chin d i s k s . In oCher cases 
we have Co r e l y on Che Monte Carlo technique Co calculaCe the magnlCude 
and Che angular dependence of Che mulclple scaCCering correcc ion. 
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Discussion 

QUESTION: U. PoenlCz 
You may have said IC and I missed iC. Do you take into account Che angular 
disCribudon of elasdc and InelasCically scattered neuCrons? 

ANSUER: G. Grenier 
In Che MonCe Carlo calculacions, yes; but not for Che Inelascic. 

COMMENT: U. Poenitz 
That Is someChlng I am worried abouC. MeasuremenCs of Che inelascic angular 
distributions show quite some anisoCropy above a few MeV. I also used so far 
isoCroplc dlsCribuClons for the inelasdcs, buC Chis mighC be someChlng one 
has Co look aC. 
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FAST-NEUTRON CAPTURE IN ^^^U AND ^^^Th 

by 

W. P. Poenitz 
Argonne National Laboratory 
Argonne, Illinois, USA 

Abstract 

Experimental detection techniques employed in the 
measurements of the 23^U(n,Y) and ŜZ-j-̂ ^̂ jĵ y) cross 
sections are discussed. The experimental data base 
is considered and it is concluded that these cross 
sections are presently known with ±5% in the energy 
range of greatest importance for LMFBR applications. 
New measurements will have an insignificant impact on 
the ^^^U(n,Y) cross sections if they do not achieve 
an uncertainty of R;2% or less. 

I. Introduction 

The ^^^U(n,Y) cross section is one of the most important quantities in 
fast-breeder-reactor design and calculations. Based upon sensitivity 
coefficients,^'^ it ranks among the three quantities of highest importance 
which influence the reactor-design parameter kgff and the economically 
important breeding ratio. Sensitivity to uncertainties of other capture 
cross sections (fissile materials, structural materials, and fission pro
ducts) is typically a factor of 5 lower. The ^^^Th(n,Y) cross section is of 
similar importance if one considers a ^^^U-^^^Th-fuel cycle. However, 
though the latter recently received some attention, the result of the INFCE 
study^ reestablished the ^^^Pu-^^^U-fuel cycle as the one of primary 
interest. 

The 238u(n,Y) and ^^^Thin,y) cross sections were reviewed at the 
Knoxville Conference in 1979.*̂  The emphasis of the present review will 
be on new developments and an update of the previous considerations with the 
energy range restricted to above 10 keV. 
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II. Measurement Techniques for ^36y gnj 232Th 

The need to measure the 238u(n,Y) and 232Th(n,Y) cross sections with 
1-2Z uncercalndes makes Ic InevlCable Co consider measuremenc Cechniques 
which have been applied In Che experlroenCs but have shortcomings, specfically 
for chese two nuclei. The various experimental techniques applicable to Che 
deCennlnadon of capCure evencs were reviewed in Che preceeding session of 
Chis meeClng^ as well as in a recent monograph.^ However, the 
applicadon of Chese Cechniques Co ^^^U and ^^^Th warrencs some addiclonal 
conslderadons. 

Specific problems are: 

1. The low neucron-binding energy (<5 MeV), 

il. The high background due Co Che radioactive decay-chain daughters, 

111. Idendcal parley (posiclve) of mosC low-energy states of the 
compound nucleus, 

Iv. The long half-life of one of the low-energy states (780nsec) in 

II.1 Prompt-Detection Technique with a Large-Llquld-Scintillator Tank 
(LLST) 

The low neutron-binding energy and high background result in a low 
specCrum fracClon (~60Z) compared wich 75-85% for mosC of Che oCher nuclei. 
As a resulC, Che deCecdon efficiency becomes conceivably sensidve Co 
y-speccrum changes which mighc occur with changing energy and angular 
momentum of Che capCured neuCron. The required extrapolation to zero-pulse 
height makes absolute capture-rate determinations uncertain by 5-lOZ, wich 
Che lower limiC being exCremely optimistic. Measurements, in which Che 
black-resonance Cechnique was used for normalization, do not require Chis 
excrapolacion, however, Che sensitivity to Y'spectrum changes mighc cause 
an errors of a similar size. An esClmate of a possible specCrum effecC 
could be made If Che specCra obCained aC various energies and in the black 
resonance could be compared. Such information was, unfortunately, never 
published. Another uncertainty in contexc wich Che black-resonance technique 
mighc be Che predomlnanC surface absorpClon versus volume absorpClon of Che 
neuCrons in Che sample aC oCher energies. 

Figure 1 shows Che racio between the 23^U(n,Y) cross sections measured 
by DeSaussure eC al.^ and by Fricke eC al.^ BoCh daCa sets were obCained 
wich (raCher large) LLST's, boCh were normalized wiCh Che black-resonance 
Cechnique, and boCh were measured reladve Co Che ^^B(n,a) cross seccion. 
The approximaCely 25Z change of Chis rado over Che energy range of 1-100 
keV shows some similarlcy Co Che change from s- Co p-wave neuCron capture 
wich increasing energy. Thus, one mighc suspecC ChaC possible gamma-spectrum 
changes are Che cause for Che observed variation of the ratio shown in Fig. 
1. The effecc could come from changes of Che specCral fracdons of Che 
deCecCors. DeSaussure ec al.^ measured wiCh Cwo differencly Chick samples 
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(0.0004 and 0.0028 at/b) and obtained agreement of the two data sets within 
s;l-2%. Fricke et al.^ measured with samples of 0.0047 at/b (or possibly 
with 0.0117 at/b). Because the agreement obtained by DeSaussure et al. for 
the two different samples, effects due to Y-absorption in the sample seem to 
be insufficient to explain the 25% data difference. Because both detectors 
were very large (2400 and 3000 liters), and the ^^^U spectrum is rather 
soft, one would not expect that the spectrum fraction changes sufficiently 
to account for the 25% difference either. DeSaussure et al.^ operated their 
detector in coincidence mode (between two optically separated halves) which 
might make the result more sensitive to spectral changes. However, a 
measurement without the coincidence mode was also made and resulted in 
agreement within ;::;7%, again insufficient to explain the 25% data dif
ference (in shape) with spectral sensitivity. 

Spencer et al.^ and Poenitz^° measured the ratio of the 2^^U(n,Y) cross 
section relative to the ^^^Au(n,Y) cross section. Large liquid scintillators 
were used in both experiments (800 and 1300 liters) and normalization was 
obtained by extrapolation to zero-pulse height. The ratio between these 
data sets is also shown in Fig. 1. It does not show an energy dependence as 
pronounced as the data sets discussed above, but a bias of s;5% is 
obvious. The latter can be understood with the substantial uncertainty of 
the extrapolation to zero-pulse height. 

Above considerations suggest that the detection technique cannot be the 
major cause for data differences in the measurements by DeSaussure et al.' 
and Fricke et al.^ The problem which results in the 25% shape difference is 
more likely related to other aspects of the experiments. 

II.2 Prompt-Detection Technique with y-Energy-Proportional Counters 

Two types of Y-energy-proportional detectors are in use: the thick-
walled proportional counters and the Moxon-Rae detector. Measurements of 
the ^^^U(n,Y) cross section were carried out by Stavisskii et al.^^ using the 
former, and by Moxon^^ using the latter detector. The ^°B(n,a) cross 
section was used in both experiments for the determination of the neutron 
flux. The measurements by Moxon^^ were carried out at a LINAC, and the 
black-resonance technique was used for the normalization of the data. The 
measurements by Staisskii et al.^^ were carried out with a lead-slowing-down 
spectrometer and resonance parameters were used for the normalization. The 
ratio of the two data sets changes by 20% between 1 and 30 keV (see Fig. 1). 
It is not clear whether the data by Stavisskii et al. were corrected for 
resonance self shielding and capture of scattered neutrons. 

The possible effect of y-spectrum changes on the detection efficiency 
of the Moxon-Rae detector has been considered by Wisshak et al.^^ utilizing 
Y-cascade calculations by Reffo. ̂"̂  It was concluded that any effect would 
be only a few percent. Thus, the observed shape difference, again, appears 
to be unrelated to the detection technique. 
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II.3 PrompC-DeCecdon Technique with Pulse-HeighC Uelghting 

The pulse-height-specCrum welghdng technique has the inherent advantage 
of acknowledging the specCral sensidvicy of Che detector and Co correcC for 
it. Using Chis Cechnique, measuremenCs of the 23^U(n,Y) cross section have 
been made by Macklin and Halperln^^ for the 232Th(n,Y) cross section and 
corresponding data are available from Kobayashi et al.^^ The racio from 
Chese Cwo daCa sees is shown in Fig. 1. Ic does noC show an energy depen
dence ouCslde of Che s;5Z range Che values scaCCer, buC a bias of xSX 
exisCs. 

II. 4 AcCivadon Technique 

The above conslderadons of Che prompC deCecdon Cechniques and 
Che uncercalndes and Inconsiscencles of Che resulcs obCained wich Che 
various dececcor types make IC highly unlikely ChaC Che 2^^U(n,Y) cross 
section can be deCermlned wich less Chan xbX wlchouC major and cosdy 
efforts. However, the 23^U(n,Y) as well as the 2^2Th(n,Y) reaction permiC 
Che use of Che acdvadon cechnique. A special calibradon meChod is 
applicable, which nature appears to have provided for us as a way ouc of Che 
predicaaenC caused by Che low neuCron-bindlng energy and high radioacClve 
background. 

BoCh, Che 23^U, formed in Che ^^^U neuCron capCure, and Che a-emiCCer 
2**3Am, decay Co ^^^Np which decays wich a half-life of ~2.35 days to ̂ ^^Pu. 
Thus, Che absoluCe measuremenC of ^^^U-capCure evenCs is possible by deCecC-
ing a Y Cransicion of ^^^Pu and calibraClng wlCh an 2'*3Am sample. The 
calibradon facCor conCalns the detection efficiency as well as the frequency 
wich which Che Y Cransicion occurs in Che ^^^Np decay. The absoluCe 2'*̂ Am-
decay race can easily be measured wich sO.lZ accuracy by using low-
geometry a-coundng. The same Cechnique can be applied for ^^^Th-capCure-
raCe measuremenCs. 

These favorable condlClons led Co Che recommendation, made at Che Knox
ville Conference,3 ChaC the 2 3^U(n,Y) cross section should be measured at 
some energies using the activation technique. However, there are a variety 
of effecCs which muse be considered if measurements with an accuracy of 1-2Z 
are required. It is indeed in chis area Chat some progress has been made 
since 1979. 

1. Y~ray sum-coincidence effecCs and oblique angle y-absorption 
are different for the metallic ^^^U samples used in Che experiment 
and the thin, non-absorbing, 2'*3Am sample. These effects have 
been studied In deCail^^ using Chree differenc experimenCal 
Cechniques. Good agreemenC was obCained for Che resulCs from Che 
Chree mechods (<1Z). 

11. ExCenslve intercomparlsons were carried out in order to establish 
the confidence level at which Che ^^^U-capCure race can be deCer
mlned wich the activation technique. Results from these intercom
parlsons are shown in Fig. 2. The inCercomparisons are pair-wise 
shown In chronological order.^^"^^ The various Cechniques 
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included: the ^'*^Am-calibration technique, use of the well-known 
thermal capture cross section of ^^^U, radiochemical separation of 
the ^^^Np with a ^^^Np tracer, and mass spectroscopic determination 
of 23 9py with a '̂*̂ Pu tracer added before chemical separation. 
The agreement in most intercomparlsons is quite good, the exception 
being the mass-spectroscopy technique. However, the problem is at 
a completely different level of discrepancy than it is the case 
for the prompt-y-detection technique. One can conclude from Fig. 
2 that at present the ^^^U-capture rate can be determined with 
ssl.0% uncertainty using the activation technique. 

III. The Status of the Cross Sections 

III.l The ^^^U(n,Y) Cross Section 

The more recent data for the ^^^U(n,Y) cross section are shown in Fig. 
3. Also shown in the figure is a optical/statistical model calculation of 
the cross section using the Fy/D obtained from low-energy resolved-resonance 
measurements by Rahn et al.^^ The dotted lines indicate a ±5% range around 
the calculated cross section. New measurements have not been made since the 
Knoxville Conference, however, final data were published for the measurements 
by Davletchin et al.^^ and by Poenitz et al.̂ ** 

It was concluded at the Knoxville Conference that the present uncertain
ty of the 238u(n,Y) cross section between 10 keV and 500 keV is x5Z. 
This remains the present status. ENDF/B-V (the evaluation is described in 
Ref. 25) is well within this range. Several newer data sets were not avail
able for the evaluation of ENDF/B-V. However, a simultaneous evaluation of 
several cross sections ((H(n,n), ^Li(n,n), ^Li(n,a), 10B(n,a), ^°B(n,n), 
l°B(n,aY), Au(n,Y), 235u(n,f), and ^^^\](n,y)) included these newer data 
sets^^, and the result is compared in Fig. 3 with ENDF/B-V. It is obvious 
that substantial changes cannot be expectd for this cross section, though a 
future version of ENDF/B will involve nuclear model calculations in order to 
improve on the shape of the cross section by giving it more physical signifi
cance. 

HI.2 The 2^2Th(n,Y) Cross Section 

New measurements of the 232i;h(n,Y) cross sections were reported by 
Kobayashi et al.^^ and by Baldwin and Knoll.27 xhe data by Macklin and 
Halperin^^ were revised,^^ thus removing the major discrepancy which 
existed at the time of the Knoxville Conference. The data consistency of 
the newer measurements is now such that a similar uncertainty as for 
238u(n,Y) can be concluded (see Fig. 4): R;5% between 10 keV and 500 keV 
and ss±10% above 1 MeV. However, an approximately 10% discrepancy 
appears to be indicated by the new measurement by Baldwin and Knoll on the 
one hand and the data by Chrien et al.,29 Yamamuro et al.,^^*^^ Macklin and 
Halperin,! and Poenitz and Smith^O (which are all in good agreement) on the 
other hand. The ENDF/B-V evaluation is in good agreement with the consensus 
from these newer data above 40 keV (evaluation as described in Ref. 31), but 
somewhat low below 40 keV (evaluation as described in Ref. 32). 
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IV. Conclusions and Recommendations 

It Is concluded that the ^^®U(n,Y) and 232Th(n,Y) cross secCions are 
known with ±51 between 10 keV and 500 keV and wich tioz above 1 MeV. In the 
case of Che ^^®U(n,Y) cross section, a large number of measurements is 
available In which many different experimenCal Cechniques were employed 
(absorption technique, acdvadon Cechnique, various prompC deCecdon 
techniques), thaC systemadc uncertainties In Individual measuremenCs can be 
expected to be partially compensated If all the measuremenCs are considered. 
The presenc situation Is such ChaC new measuremenCs with similar uncertain
ties than previous daCa sees ("S-IOZ) will have an insignificant impact and 
noC improve our knowledge of Che cross seccion. It Is recommended Chat 
measuremenCs should be carried ouC wich uncercalndes of 2Z or less aC some 
selected energies, Che 10-100 keV range being the mosC important for LMFBR 
applications. The acdvadon Cechnique is recommended Co be used based upon 
the conslderadons in Seccion II. The kinemadcally-collimated forward 
neutron cone obCained slighcly above Che Chreshold of Che Ll(p.n) Be reac
tion Is recommended as a neuCron source because Che associaCed Be acClviCy 
can be uCilized for Che neuCron-flux deCerminaCion wich an uncerCainCy of 
less than IZ. The neutron source also provides for a low background experi
menc. 

References 

1. E. M. Bohn eC al., Argonne National Laboratory Repore, prlvaCe 
conBunlcaCion (1976). 

2. C. R. Weisbln et al., ENDF-265 (1978). 

3. C. E. Till, Proc. Conf. on Nuclear Cross SecClons for Technology, 
NBS Sp. Publ. 594, 115 (1979), C. E. Till eC al., Argonne Nadonal 
Laboracory ReporC, ANL-80-40 (1980). 

4. W. P. Poenicz, Proc. Conf. on Nuclear Cross SecClons for Technology, 
NBS Sp. Publ. 594, 368 (1979). 

5. D. Gayther and T. Thom, Atomic Energy Research EstablishmenC, Harwell, 
these proceedings (1982). 

6. W. P. Poenitz, Argonne Nadonal UboraCory ReporC, ANL/NDM-58 (1981). 

7. G. de Saussure eC al., Nucl. Sci. Eng. 51, 385 (1973). 

8. M. P. Fricke eC al., Conf. on Nucl. Data for ReacCors, Helsinki, Vol. 
II, 265 (1970). 

9. R. Spencer and F. Kaeppeler, Conf. on NeuCron Cross SecClons for Technology, 
UashingCon 1975, NBS Spec. Publ. 425, 620 (1975). 



294 

10. W. P. Poenitz, Nucl. Sci. Eng. 57, 300 (1975). 

11. Yu. Ya. Stavisskii et al., Conf. Nuclear Data for Reactors, Helsinki, 
Vol. II, 51 (1970). 

12. M. C. Moxon, Atomic Energy Research Establishment Report AERE-R-6074 
(1969). 

13. K. Wisshak et al., Karlsruhe Research Center, this meeting (1982). 

14. G. Reffo, Centro di Calcolo del (CNEN, this meeting (1982). 

15. See R. B. Perez et al., Phys. Rev. 20, 528 (1979). 

16. N. Yamamuro et al., Nucl. Sci. Technol. 15, 637 (1978). 

17. R. L. Macklin and J. Halperin, Nucl. Sci. Eng. 64, 849 (1977). 

18. K. Kobayashi et al., Nucl. Sci. Technol. 18, 823 (1981). 

19. G. J. Dilorio and W. P. Poenitz, Nucl. Instr. Meth., to be published 
(1982). 

20. J. A. Morman and R. J. Armani, Argonne National Laboratory Report, 
ZPR-TM (1982). 

21. D. W. Maddison, Argonne National Laboratory, private communications 
1981-1982. 

22. F. Rahn et al., Phys. Rev. C6, 1854 (1972). 

23. A. N. Davletchin et al.. Atom Energia 48, 87 (1980). 

24. W. P. Poenitz et al., Nucl. Sci. Eng. 78, 239 (1981). 

25. W. P. Poenitz et al., Argonne National Laboratory Report, ANL/NDM-32 
(1977). 

26. W. P. Poenitz, Proc. Conf. Nucl. Data Evaluation Methods and Procedures, 
Brookhaven National Laboratory, Reports DOE-NDC-23, NEANDC(US)-209, 
Vol. 1, 249 (1981). 

27. G. Baldwin and G. Knoll, University of Michigan, this meeting (1982). 

28. R. L. Macklin and R. R. Winters, Nucl. Sci. Eng. 78, 110 (1981). 

29. R. E. Chrien et al., Nucl. Sci. Eng. 72, 202 (1979). 

30. W. P. Poenitz and D. L. Smith, Argonne National Laboratory Report, 
ANL/NDM-42 (1978). 

31. J. Meadows et al., Argonne National Laboratory Report, ANL/NDM-35 
(1978). 

32. M. R. Bhat, ENDF-268 (1981). 



295 

K 
0) 
H 

« 

eo 

CD 
0) 
3 

« 
H 
C 
o 
u 
« 

o 
bl 

c 

0) 

Q 

« 
c 
« 

O 

e 

u 
a 

o 
OB 
O 

<s 
oiivu 

bO 

CM 



296 

% 

3 

n n 
ZPR 

ZPPR 
Am 
th.CS 

I — 

m 

PuTrac. 

5 
Mass 
Spec. 

I 

I 
Mass 
Spec. 

i 
LANL 

_ FNG 

Am 
th.CS 

ZPR 
ZPPRI ZPR ZPR ZPPR 

WinfrithlRad.Che m. 
Am 

Np Trac. 

ZPR 

Fig. 2. Various Intercomparlsons of 2^^U(n,Y) Capture Rate Measurements 
Based upon the Activation Technique (see Text). 



297 

0.15 

0.10 

005 

1—^r T F T—I 1 ' 1 T 

a 
m 

If niuarw f I *i. II Pi) 
(WViriOIIN Ft Al (1180) 
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Discussion 

COMMENT: R. Block 
You said that there might be a problem in 23Sy with a ~ 1 ysec decay time 
of one of the low-energy states of 239u. That could easily be checked with 
a monoenergetic beam at a Van de Graaff by looking at the dispersion. 

COMMENT: W. Poenitz 
Yes, one would look at the tail in the time-of-flight distribution. The 
only detector where it might be a problem would be the Moxon-Rae detector 
with a very low threshold. How much of a problem it is, I do not know. I 
wanted to make a calculation of the occupation probability for this state 
with my KASKADE code, but did not get to it. 

COMMENT: R. Chrien 
If one would do a high-resolution time-of-flight experiment, that is, 
high-resolution in both, Y~energy and TOF, then one could see whether the 
shape of a resonance would be different for a Y~ray coming from that level. 

COMMENT: A. B. Smith 
The statement was made that nuclear model calculations would be involved in 
a future evaluation. I pointed out yesterday that apparently nobody has 
succeeded so far in finding a model which describes the excitation of the 
first inelastic level correctly. I have trouble with that. If you cannot 
describe the other pieces of the cross sections, how can you use it for an 
evaluation. 

COMMENT: W. Poenitz 
There are two issues involved here. First, one could use Ty/D values to 
obtain additional information for the normalization of the cross section. 
Whether one should do this might be an open question, it was several times 
discussed at this meeting. The second approach is to use the model just for 
smoothing of the result from the least-squares consistency fit. This latter 
approach shoiHd definitely be used. Asides from these questions, you can 
see from the figure that the calculated capture cross section agrees quite 
well over the inelastic competition cusp with the experimental data. How 
much that says about the inelastic cross section, I do not know, one would 
have to get the sensitivity by artifically forcing the inelastic cross 
section up. I might be interested in doing that some day. 

COMMENT: A. B. Smith 
I am not against models, but one has to use them with care. Another aspect 
of this persistent problem of not being able to calculate that inelastic 
cross section is whether the compound nucleus concept is here sufficient 
is there another physical mechanism which could explain this? 
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CO^MBNT: F. Froehner 
Below Che inelastic Chreshold Chings are very simple as far as model 
calculacions are concerned. The incerpreCation is more unique, and (as W. 
Poenits Just said) one may have help from the model calculation. Let me 
make a second remark. I could think of a reason why Che inelastic scattering 
cross section is not well calculated. We always use the same strength 
funcdon or transmissin coefflcienCs, buC they mighc be differenC for Che 
exclced sCaCe. 

COMMENT: P. Moldauer 
You mean Che potential. 

COMMENT: W. Poenitz 
There is some work on ChaC, I remember a Russian paper where a differenc 
pocencial was derived for Che exclced sCaCe. 

COMMENT: A. B. Smith 
There you would open up anocher ball of wax, anoCher slew of parameCers. 

QOBSTION: R. Pellee 
Am I correcC In undersCanding ChaC Che uncertainCy bands in your figures 
apply Co the uncerCainCy over raCher local energy regions, perhaps a lethargy 
unic, while the daCa requiremencs given yesCerday were in cerms of one-group 
specCrum averages? (The 5Z uncerCainCy band in your ploCs might correspond 
to ~ 2Z uncerCainCy averaged over a Cypical fasc reacCor k-sensidvity 
functions?) 

ANSWER: W. PoeniCz 
No, Chis includes Che correlaCed error, a subsCanCial pare might be 
normallzadon uncerCainCy. 
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ABSOLUTE MEASUREMENT OF THE CROSS SECTION 

FOR 23-keV NEUTRON ACTIVATION OF THORIUM* 

by 

George T. Baldwinf and Glenn F. Knoll 

University of Michigan, Department of Nuclear 
Engineering, Ann Arbor, Michigan 48109 

Absolute measurement of the thorium radiative capture 
cross section has been made using antimony-beryllium 
photoneutrons and an activation method. The average 
of two determinations is 606 mb near 2S keV neutron 
energy with a 3.2% estimated error from all sources. This 
value is about 10% higher than those reported from recent 
measurements employing iron-filtered neutron beams. 

INTRODUCTION 

Radiative neutron capture in thorium results in eventual formation of the fissile 
isotope ^"U. For this reason, the associated reaction cross section is of key importance 
in fast reactor design calculations based upon a Th/^^^U fuel cycle. This alternative 
(thorium) fuel cycle has been of interest lately in response to concerns about nuclear fuel 
cycle safeguards and uranium availability, and has motivated recent reevaluations of 
nuclear cross section data for thorium.^" ' The conclusions reported in these evaluations 
have indicated a high-priority need for additional measurements of the thorium capture 
cross section for fast neutrons. 

Facilities have been developed at the University of Michigan for making absolute 
measurements of actinide fission cross sections using five photoneutron sources.* Of 
these sources, only antimony-beryllium can generate sufficient neutron fluence to be 
feasible for a thorium capture measurement. 

The conceptual basis for absolute measurement derives from the defining equation 
for the reaction cross section, viz, 

R 

*Text of paper submitted to Nuclear Science and Engineering for publication. 
tPresent address: Sandia National Laboratories, Division 1232, Albuquerque, N.M. 87185. 
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Here R is the capture reaction rale (s~'), N is the total number of '̂̂ Th target nuclei, 
and • is the scalar neutron flux (cm~^8~'). The value of each quantity is measured 
absolutely; the cross section a (cm )̂ then follows directly. 

The reaction rate R is determined indirectly by measuring the amount of the ^*'Pa 
daughter isotope activity present in a thorium target after a prescribed irradiation 
period. From the differential equations associated with the dec^y sequence 

^'"rMn. 7)"'r/i ^ ^ ^ "»Pa — ^ l — "»t/ 

one obtains the solution: 

a = N4>£ 
npjti, t2)(Xp — X,) exp(Xy<a) 
exp(—X.<i) — exp(—Xp(i) 

Here the expression in brackets is just the reaction rate, quantitatively related to 
the number Up of ^"Pa nuclei present at time (2 after an irradiation of duration f 1. \p 
is the ^"Pa decay constant. A photoneutron flux of the form ^{t) = <l>oexp(—X,<) is 
assumed. 

EXPERIMENTAL METHOD 

Neutron Source 

The spherical source consisted of a core of metallic antimony, 1.5 cm in radius, 
surrounded by a 3 mm-thick beryllium shell and a 3 mm-tbick aluminum outer casing. 
It was activated by irradiation for 20 days in a flat flux approximately 10*' cm~^s~* 
in the 2 MW pool-type Ford Nuclear Reactor. The source strength was calibrated by 
the manganese bath method; i.e., by comparing the saturated *̂ Mn activity induced 
by the Sb-Be source with that induced by a laboratory-reference "^Cf source. The 
^"Cf source had been previously calibrated against the NBS-II secondary neutron 
standard.' Small corrections (<2'^) were made to account for detector counting losses, 
source decay, solution mixing, and neutron losses (including source self-absorption). 
Manganese bath calibration runs were made once before and once following two target 
exposure runs. Interpolation of the source strength during the target exposures assumed 
a photoneutron source half-Hfe of 60.20 (iO.l'^) days.* Results are given in Table I. 

Thorium Target 

Samples of natural thorium metal were obtained from the Oak Ridge National 
Laboratory in the form of flat sheets measuring 25.13 X 12.00 X 0.05 cm and weighing 
approximately 170 g. The number of '̂̂ Th nuclei in each sample was determined 
to within an uncertainty of 0.5^, by weighing and using the supplier's value for the 
sample purity (98.5^0.5 mass percent Th, measured by chemical analysis^). 

For each target activation, a single thorium sheet was bent into a cylinder 8 
cm I.D. X 12 cm high, enclosed by an outer 1 mm-tiiick aluminum casing. The 
Sb-Be source sphere was positioned at the center of the target cylinder (see Figure 
1). A cadmium-lined 55-gallon steel drum isolated the assembly from room-scattered 
(thermal) neutrons. 
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Table I 
Sb-Be Source Strength 

A. Measured 

Time of 
Calibration 

2/11/81 
(17:12) 

4/11/81 
(13:00) 

Extrapolated 
Cf-252 Reference 

Strength* 

2.729 X 10* 
(±0.73%) 

2.616 X 10* 
(±0.75%) 

Saturated 
Activity 

Ratio 

7.803 

4.106 

Sb-Be 
Source 

Strength* 

2.129 X 10^ 
(±0.84%) 

1.074 X 10^ 
(±0.88%) 

B. Extrapolated 

Time of 
Run Start 

2/17/81 
(00:16) 

3/10/81 
(08:34) 

Sb-Be Source Strength* 
Based on First 

Calibration 

2.003 X lO'̂  
(±0.84%) 

1.567 X IO'' 
(±0.84%) 

Based on Second 
Calibration 

1.989 X 10'' 
(±0.88%) 

1.556 X 10'' 
(±0.88%) 

Weighted 
Average 

1.997 X 10"̂  
(±0.9%) 

1.562 X 10'' 
(±0.9%) 

*A11 source strengths are in (n/s). 

Flux DetArminittinn 

The neutron flux was obtained as the product of the (time-dependent) source 
strength, measured by the manganese bath technique, and the (time-independent) 
scalar flux at the target per unit source strength, determined by calculation. Only the 
spatial average of the flux per unit source strength is of interest, because the method 
that is used after the irradiation to measure the induced ^*'Pa activity depends only 
on its total amount, not its spatial distribution. 

A Monte Carlo method^ was used for the flux-per-unit-source-strength calculation 
in order to represent accurately the source/target geometry, the complex polar angle 
distribution of emitted source neutrons, and the effects of scattering within the source, 
target and structural materials. One energy group and isotropic scattering were as
sumed in the model. No energy loss in scattering was treated. The flux per unit source 
strength was derived as the accumulated total track length of neutrons within the 
target divided by the target volume and by the number of neutrons started. The net 
effect of scattering was observed to increase the flux by almost 6% over that obtained 
when no scattering was assumed. Most of the flux increase resulted from scattering 
within the thorium sheet itself (4% effect). A value of 3.61 X 10~* cm~^(±0.9%) was 
obtained for the average scalar flux per unit source strength. 

Isolation of '̂ '̂'Pa 

Two thorium targets were irradiated in succession, each for about two weeks. A 
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chemical procedure' was used after irradiation to isolate ^"Pa. First the thorium 
was dissolved in approximately 1 liter of hydrochloric acid containing a trace amount 
of HF. Following dissolution, the fluoride ion was complexed by adding AlClj. A 
carrier-free solvent extraction with undiluted diisobutylcarbinol was then carried out, 
using a succession of extraction/back extraction steps to concentrate the volume of 
solution containing ^''Pa. Protactinium was obtained flnally in approximately 3 ml 
of 2M HCI/trace HF solution, sealed in a small polyethylene counting vial. Excellent 
decontamination from natural thorium radioactivity was achieved. 

Loss of ^*'Pa during the chemistry was measured by isotopic tracing with ^*^Pa, 
which decays with a 1.3 day half-life. Details of the tracer isotope production by means 
of the '"Th(p, n)^'^Pa reaction are presented elsewhere.*" ^'^Pa in 2M HCI/trace 
HF was added to the irradiated thorium as it was being dissolved in acid. An equal 
amount of ^*^Pa tracer solution was delivered directly to a counting vial and set aside as 
a control sample. Volumetric sampling by micropipette was verified by weighing. After 
performing the chemical separation, the spiked target solution and the control sample 
were each counted under identical conditions using a Ge(Li) spectrometer. Using the 
photopeaks for two ^'^Pa decay gamma rays, at 894- and 969-keV, the ratio of the 
corrected counting rate for the target sample to the corrected counting rate for the 
control gave a direct measure of the fractional recovery of protactinium. A 90% yield 
was obtained for both target separations. 

Absolute Gamma Counting 

The prominent 3r2-keV'̂  gamma ray from ^"Pa decay was counted using a Ge(Li) 
detector, after allowing time for the relatively short-lived ^ ' ^ a tracer isotope activity 
to decay. As depicted schematically in Figure 2, the measured counting rate for the 
separated target sample was compared indirectly with that for a ^'^NpOa deposit, used 
as a steady-state reference of ^"Pa activity. The intermediate ^"Pa samples shown 
in Figure 2 were prepared from equal-weight micropipette aliquots of a stock solution 
of ^"Pa (i.e., protactinium chemically separated from reac tor-activated thorium). 

The ^'^Np alpha activity of the ^'^NpOa deposit was cahbrated by the Nation
al Bureau of Standards, using good-geometry surface-barrier-detector counting, to be 
6039 Bq (±0.25%).'° This is assumed to be equal to the disintegration rate of the 
^'^Np daughter, ^"Pa. The NBS alpha counting measurement was checked by a direct 
determination of ^"Pa activity at the University of Michigan, by counting the 312-
keV gamma activity and using 38.6 gammas per 100 decays for the branching ratio.'' 
However, the latter method was limited by the accuracy to which the absolute Ge(Li) 
detector efficiency was measured. 

All gamma counting made use of a 55 cm' closed-end coaxial Ge(Li) detector 
in the presence of low ambient background. Samples were counted in a reproducible 
geometry, both at 6- and 11-cm from the face of the detector cryostat. Counting rates 
were suflSciently low so that corrections for pulse pileup, random summing and dead 
time were negUgible. Efl'ects of coincidence summing were compensated in all cases 
by using only ratios of photopeaks of the same isotope, each counted with the same 
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efficiency. Spectra were accumulated with a multichannel analyzer resolution of 0.5 
keV per channel. Photopeak fitting and area determination by numerical integration 
were done with the SKEWGAUS computer code.^* 

Reiultt 

The average of two measurements of the thorium capture cross section for Sb-
Be photoneutrons was 606 mb ±3.2%. Errors are one standard deviation and are 
combined in quadrature. 

DISCUSSION 

In order to compare this result with other measurements near 23 keV, we need 
to take into account the effect of scattered neutrons comprising the "tail" of the 
photoneutron energy spectrum, as well as those Sb-Be photoneutrons in a second, 
low-intensity group near 375 keV. We attribute 4.4% of the neutrons to the 375 keV 
group,^* and calculate the energy distribution of primary-group photoneutrons by 
Monte Carlo simulation*(see Figure 3). For the relative shape of the cross section 
as a function of energy, we used both ENDF/B-V and the measurements of Macklin 
and Halperin^'. In either case, the resulting spectrum correction was negligible; we 
conclude that the cross section is 606 mb near 23 keV [e.g., as measured with an 
approximately Gaussian-shaped distribution with 2 keV FWHM). This result further 
appears to be relatively insensitive to uncertsunties in the exact energy distribution and 
centroid energy of the neutron source. 

Our measurement of the thorium capture cross section is plotted in Figure 4, 
compared with the results of Macklin and Half)erin^' and ENDF/B-V. The variation 
of the capture cross section with energy in this resonance region is appreciable, as seen 
in Figure 4, arising due to fluctuations in the nuclear level spacing. However, these 
fluctuations are not resolved by the 2-keV-broad primary Sb-Be neutron group. 

We also note that our measurement is about 10% higher than the iron-filtered 
neutron beam measurements reported by Chrien, et al, at Brookhaven^*, and Yama
muro, et al, in Japan^*. However, our value is in close agreement with a 1966 measure
ment by Belanova, which was a transmission experiment using an Sb-Be photoneutron 
source. Additional measurements would therefore seem to be appropriate in order to 
conflrm an absolute normalization of the evaluated thorium capture cross section in 
this energy range. 
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Figure 1 
Assembly of Cylindrical Thorium Target 

onto Neutron Source Support Well 
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Figure 2 
Indirect Measurement of ^''Pa Activity 
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Figure 3 
Sb-Be Photoneutron Energy Distribution 

Calculated by Monte Carlo Simulation 
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Figure 4 
Neutron Capture Cross Section of '̂̂ Th 
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Discussion 

QUESTION: A. B. Smith 
There are two issues: 
1) Flux determination 
2) Reaction-rate determination 
Could you carry out step #2 at the BNL filtered beam? 

ANSWER: G. Knoll 
Because the radiochemical separation of the Pa-233 activity from the large 
thorium background is unique to our work, it would be very Interesting to 
apply the same methods to filtered beam irradiations. However, the technique 
does Involve destructive processing of the target. 

COMMENT: R. Anderl 
I would like to comment on integral measurements for Th(n,Y) made at the 
CFRMF and their implications on adjusting the ENDF/B-V capture cross section. 
Our work indicates that the present capture cross section for Th(n,Y) is 
inconsistent with CFRF integral data. The ratio of calculated-to-measured 
spectrum-averaged cross sections is 0.87 - 4%. Least squares adjustment 
analysis indicate that the cross section should be adjusted upward by as 
much as 10% over the response range (1 keV - 1 MeV) in the CFRMF central 
spectrum. This is consistent with your measurement at 23 keV. 

QUESTION: R. Peelle 
Is the result you quote for the average of the source spectrum? 

ANSWER: G. Knoll 
Yes. An adjustment of -0.3% resulted from converting the apparent cross 
section over the source spectrum to the quoted value at 23 keV, using the 
cross section shape data of Macklin and Halperin. 

QUESTION: R. Block 
You have made several Sb-Be measurements, so you have some idea of how 
these results compare over a range of nuclei, and cross sections. Is there 
any systematic effect observed, such as would indicate a common bias in flux 
determination, detector efficiency, etc. 

ANSWER: G. Knoll 
There is no obvious systematic departure from our previously published fission 
and capture cross sections that used the same source and calibration system. 
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QUESTION: R. Chrien 
What fraction of the total activity you observed Is due to the low energy 
tall In your photoneutron-source spectrum? 

ANSWER: G. K n o l l 
38Z of the eaitted neutrons lie In this scattered tail. Since the cross 
section average Is rather flat across this energy range, about the same 
fraction of activations are due to these neutrons. 
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STATUS OF NEUTRON CAPTURE DATA OF U, U AND Pu IN THE UNRESOLVED 
RESONANCE REGION 

by 

F. Corvi 
CEC-JRC, Geel Establishment 

Central Bureau for Nuclear Measurements, B-2440 Geel, Belgium 

Abstract 

First, the outstanding requests for CL and a data of the three 
main fissile nuclei are briefly summarized. Then the methods 
employed in the last twenty years of differential a-measurements 
are critically discussed. They can be classified into three 
groups: a) systems measuring simultaneously absorption radiation 
and fissions with two separate detectors; b) systems in which a 
large fraction of fission and capture 7-rays are identified by means 
of prompt or delayed coincidences with a high efficiency fission de
tecting apparatus; c) systems consisting of a 7-ray detector only, 
in which capture and fissions are distinguished by some special feature 
of the radiation emitted. Advantages and drawbacks of the various 
techniques are discussed, particularly in connection with all sources 
of systematic errors. Measurements of alpha in the unresolved reso
nance region are separately reviewed for each of the three fissile 
isotopes . 

I. Introduction 

An accurate knowledge of the fast neutron capture cross section and/ 
or alpha for the fissile isotope burned in a fast breeder reactor is needed 
for calculating many quantities. Between them most important is the breeding 
ratio and then the effective multiplication factor, the build-up of higher 
actinides, the Doppler temperature coefficients, the reactor fuel inventory 
and the flux distribution across the reactor. 

• 2 3 9 

The isotope Pu plays of course a leading role because of the ad
vanced stage of development of the fast breeder based on the ^^*U-^^'Pu cycle. 
Bobkov et al.') have calculate for example that, for a target accuracy of 
+_ 2% in the breeding ratio, the required accuracy on a of ^^' Pu is + 2.5% 
below 100 keV, +^ 6.5% between 100 and 800 keV and + 41% above. ~ 
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A similar level of accuracy will be needed for '^'u should a reactor based 
on the '*'Th-'**U cycle be seriously considered. Finally, "*U could have 
an increased importance if it were chosen as a fuel for a first generation 
of breeders. 

It is perhaps appropriate for the scope of this meeting to summarize 
the existing requirements relevant to our subject. This is done in Table I, 
where on the left the requests from the WRENDA 81/82 issue^) are quoted and 
on the right those of the new NEANDC/NEACRP High Priority List^^. 

Only data needs above 100 eV have been considered. The WRENDA entries 
have been condensed by merging capture and alpha and by considering only 
Priority 1 requests. Moreover, if several entries exist for equal or largely 
overlapping energy ranges, only one request is listed, extended to the 
largest range and with the highest required accuracy. 

One of the tasks of the present meeting, and more particularly of the 
concerned working groups, is probably to get an idea of the accuracies at
tained so far and of the work which is left to be done. 

Already ten years ago, Sowerby and Konshin^ in the conclusions of 
their review on a-data for ^^'Pu have stated that although the required ac
curacy was not achieved, further measurements should not be performed unless 
the techniques to be used are either new or significantly improved. Similar 
statements were repeated more recently by other evaluators^»^). Therefore, 
in this paper the emphasis has been put on a critical review of the experi
mental methods used so far. The present analysis will be restricted to dif
ferential measurements in the energy region above 100 eV. 

II. Review of the experimental methods 

Although the quantity normally required by the users is the neutron 
capture cross section Oy, experimental difficulties usually prevent its 
direct determination with reasonable accuracy. It has therefore become 
customary to refer to a=<L/Of, the capture-to-fission ratio, since this 
quantity can be directly measured. The capture cross section, which is 
derived from the product of a and a^, has very much the same uncertainty 
as a since Or is usually known with higher precision. It should be noted 
here that, when reference is made to an average over a given neutron energy 
interval, the quantity a is defined as a » <a.y^<a£> rather than average n. 

In the present review we shall restrict ourselves to direct a deter
minations, i.e. methods involving the measurement of both absorption 7-ray8 
and fissions, since they constitute the main bulk of the experimental data. 
Other methods, such as a determination from V measurements and Oy deter
mination by subtracting from the total all other partial cross sections, 
have provided useful results only at rather low energy, say up to 100 eV 
or at most 1000 eV. Shell transmission techniques, in which the problem 
consists of distinguishing between transmitted and fission neutrons, have 
produced rather inaccurate data. Finally, the activation technique cannot 
be applied to differential measurements because in all three cases the 
product nuclei have extremely long half lives. 

Looking back over the last 20 years of a-measurements, one is im
pressed by the amount of activity which has taken place since the early 
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days, activity which had its peak at the time of the Helsinki Conference m 
1970, when six papers on this subject were presented. 

The pressing needs of the reactor community, and more particularly 
those of the fast breeder project, hastened the development of a number of 
techniques to cope with what is one of the hardest experimental problems of 
the whole neutron cross sections field. However, because of the difficulty 
of the task and because the development took place even before some of the 
present capture measurement techniques were firmly established, not all re
sults are equally reliable. Therefore the large discrepancies of some data 
sets should not be a matter of surprise. Now the time is ripe to critically 
re-examine the past experience in order to select the most reliable methods 
both in view of evaluating the existing data and of setting the characteris
tics of future measurements. 

II A - Absorption methods 

Most methods consist of measuring simultaneously absorption radiation 
and fissions with two separate detectors. These systems have in common the 
lack of any attempt to distinguish between capture and fission 7-rays in 
the absorption channel. With the assumption of negligible multiple scat
tering and self-screening corrections, as is the case for thin samples 
(typically samples of thickness 10~^ atoms/barn or less in the region above 
100 eV), the quantity a for a given neutron energy can be expressed as: 

Oy a(N^/Nf)-l 

"" ̂  5^= b - c (N.y/Nf) '̂̂  

where N^ and Nf are the number of counts at that energy in the absorption de
tector and in the fission detector, respectively, and a, b, c are instru
mental constants. A nice property of a is that Eq. (1) still holds at low 
neutron energies, where samples are usually no loncer thin, provided the 
ratio o^/Oj between the scattering and the total cross-section is small or 
a is constant. This allows normalization ot the data at thermal neutron 
energy or in the region immediately above, where a is well known, or in 
well-resolved resonances. These normalizing procedures are currently used 
for determining the instrumental constants. If the fission detector is in
sensitive to 7-rays, as is true in the majority of cases, then c = 0 
and Eq. (1) can be written: 

a + B = A • (Ny/Nf) (2) 

It can be shown that B =e.jf/ey^, where e'^^and Sy^ are the efficiencies of 
the absorption apparatus for detecting fission and capture events, respec
tively. The absolute value of the constant B which varies between 0.6 and 
2.5 in this kind of experiment acts as a figure of merit since the relative 
error in a is proportional to (a+B) /a. In fact, without considering the un
certainties in A and B, we have 

0 + B ' t rr \ (3^ 
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The larger the value of B, the less accurate is the a-determination; Eq.(3) 
shows also that the error in measuring a increases as its absolute value 
decreases. Another factor influencing the precision of the measurement is 
Che accuracy with which B, and of course also A, are determined: that's why 
the normalization of the data is so important. 

The 7-ray detector. The characteristics of the 7-ray detectors to be used 
m a measurements do not differ from those employed in the determination of 
radiative capture in non-fissile nuclei. Also here an absolute must is that 
the detector efficiency be independent of the shape of the 7-ray spectrum, i.e. 
of the mode in which the compound nucleus decays to its ground state. 
This is important for two reasons: first, the spin and parity distribution 
of the compound states formed after neutron interaction changes with energy, 
since the role of p-wave (and eventually also d-vave) capture increases with 
energy. Second, a-data are often normalized to resonances of a given spin 
or to the thermal or low energy region, where the spin distribution is dif
ferent. It has been known^ for a long time that both the shape of the cap
ture 7-ray spectrum and its multiplicity depend to some extent on the initial 
spin and parity. On the contrary, little is known about prompt fission 7-rays 
and their possible variation with neutron energy, spin, parity or even K quan
tum number. However, a detector insensitive to spectrum shape is also in this 
case a guarantee of reliable data. 

Three types of detectors have an efficiency which is to a large extent 
spectrum independent: they are large liquid scintillators, Moxon-Rae detec
tors and total energy detectors. A description of them can be found for 
example in ref ."̂  In the following only their use in a-measurements and 
some special problems are treated. 

Large liquid scintillators ^~'-')with volumes ranging from 400 1 to 
3000 1 have been used. The lowest limit of the volume would generally speaking 
be too small to ensure 100% efficiency for capture detection, because an 8 MeV 
7-ray has an absorption mean length of about 41 cm in a liquid scintillator. 
However, they are probably adequate for measurements in the actinide region 
%rtiere capture 7-ray spectra are soft. What is more worrying is the fact that 
some authors » 'measure the coincidence rate between the two halves of the 
tank, which are optically separated, in order to reduce the background. This 
procedure can give rise to a systematic error since the efficiency for de
tecting coincidences depends on the multiplicity of the capture cascade. In 
fact, neglecting angular correlation and assuming 100% detection efficiency 
for any 7-ray, the probability C(J,»r) of not detecting a capture when working 
in a coincidence mode can be expressed as: 

C(J,ir) = r — I T - P„ (J,ff) (4) 
n-l 2" ' 

where P (J,ff) is the frequency distribution of n-step cascades from an ini-
tipl state of spin J and parity ir. To obtain an estimate of C(J,)r),the values 
of P could be deduced from simulations of the 7-decay. Alternatively, 
C(J,ir) could be obtained by comparing coincidences to single rates in isolated 
resonances of known spin. The effect just mentioned will decrease with the 
increasing number of the optically separated sections. For example. Beer and 
Kappeler13) count all coincidences between at least two of the four quarters 
of their 800 1 tank: in this case, C(J,»r) will be half the value given by 
Eq. (4). 
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Different types of Moxon-Rae detectors have been used, but they 
have gradually been replaced by the so-called "total energy detectors" ' -'. 
These are liquid scintillators in which the proportionality of the efficiency 
to the total 7-ray energy is achieved by convenient weighting of the pulses 
according to their amplitude. A compromise between these two different de
tector concepts is the system developed by Czirr^^' \ consisting of a 
1 1 deuterated hexabenzene based liquid scintillator having a 10 g/cm 
graphite absorber in front, in order to obtain a linear weighting function. 
Linear weighting eliminates the need for corrections for pulse summing in 
the detector and greatly simplifies the data acquisition procedure. When 
applying Moxon-Rae or total energy detectors to a measurements, it should 
be realized that it is not known whether the average prompt fission 7-ray 
energy stays constant with neutron energy. The only possible way of checking 
it is to also measure Oy by comparing the fissile capture rate to that of 
a known standard, e.g. gold. This has been done in ref.'") and the resultwas 
found in agreement within 2% with the normalization to the thermal a value. 
We can then conclude that the fission 7-ray energy is reasonably constant 
in the region below 100 keV. y ^ ^ 

Detectors other than the three types just mentioned, such as Nal(Tl) 
or stilbene crystals, ° have also been extensively employed m a-measure-
ments. These detectors are small, thus improving signal-to-background ratio, 
and by a proper choice of the amplitude window they can minimize the constant 
B. Bolotskii et al.25) have measured a from the resonance region up to 10 keV 
using stilbene crystals and two different windows, one from 0.4 to 0.7 MeV 
and the other from 0.7 to 2.5 MeV. They have shown that the two data sets 
corresponding to the two windows agree within the errors. However, these 
errors are rather large, typically 10 to 15%, and moreover the 10 keV upper 
limit corresponds only to aboutone third p-wave contribution. 

The systematic errors due to the sensitivity of these detectors to 
changes in spectrum shape are probably not large but they are very difficult 
to assess. In fact, we don't see any serious experimental justification for 
using such detectors in place of those previously described. We therefore 
suggest that these measurements should either be disregarded or given a low 
weight. 

The fission detector. All three main products of a fission reaction, i.e. 
fission fragments, fast neutrons and prompt gamma radiation, have been used 
to detect fission. Fast neutrons have usually been detected by an organic 
liquid scintillator!^,17) in which pulses from recoil protons are selected 
by pulse shape discrimination (PSD). A gamma ray-to-neutron suppression ratio 
of 10 -̂  or better can normally be achieved, thus satisfying the condition 
required by Eq. (2). In a number of cases the same apparatus is used to de
tect absorption 7-rays and fast neutrons which are separated by PSD: this 
technique has been applied by some Russian groups22-26) ^^ stilbene crystals 
and by Czirr^"'^') to a CgD^ scintillator. In this case the detector is hy
drogen-free in order to reduce the sensitivity of the gamma channel to scat
tered and fission neutrons, and pulses from deuteron recoils are observed. 

An uncertainty assocî ated with the use of fast neutron detectors is 
the possible variation of v with neutron energy. Moreover, if the detectors 
subtend a small solid angle at the sample, their efficiency can change with 
fission fragment angular distribution. 
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27 28) 
A large liquid scintillator ' has also been used to separate ab

sorption from fission by means of a two-bias technique: a low bias, typi
cally 2 to 3 MeV, allows detection of fission and capture events, while a 
high bias, typically 11 MeV, selects only a certain fraction of fission 
events with very high 7-ray energy emission. Beer and Kappeler'^) have 
used the same technique but with a more sophisticated procedure which allowed 
a considerable decrease of the high bias in order to reduce statistical un
certainties. 

In all these cases Eq.(l) to Eq. (3) remain valid, the only difference 
being that N^ and Nf are now the counts in the absorption channel and in the 
fission channel, respectively, of the same detector. Fission fragment de
tection by semiconductors has been used by Farrell et al.'^) in an under
ground nuclear explosion. The case of fission chambers will be treated in 
the next sub-section. 

IIB - Coincidence methods 

The only effective way of separating fission and capture 7-rays mea
sured in the absorption detector consists of operating it in coincidence 
with a high efficiency fission detector. As the efficiency approaches unity, 
all fission events are detected and capture is directly obtained by measuring 
the anticoincidence rate. In practice, experimental difficulties have kept 
the efficiency well below one, so that corrections due to the undetected 
fissions must be applied to the data. The Eq.(2) is still valid but is more 
conveniently rewritten in the following way: 

a . Ill 
e. 
7c 

AC 

'f-CO - <' -^f> 
(5) 

where AC and CO are the anticoincidence and the coincidence rates (background 
subtracted) and *f is the efficiency for detecting fission. The figure of 
merit B, which is now expressed as B = (l-Cf) (ê /eĵ ) shows explicitly the 
advantage of reaching a high fission efficiency. Basically two kinds of 
experimental set-up have been used to implement the method: 

1) Large liquid scintillators loaded with gadolinium or cadmium. 
29) 

This technique has been first applied by Hopkins and DiVQn and later 
on by Weston et al.^^'^'^and Kononov et al.32,33) it consists essentially 
of a delayed coincidence technique, where capture and fission events are 
identified by detecting fission neutrons after their moderation and absorption 
in the poisoning element, typically gadolinium or cadmium. More specifically, 
each detected 7-ray starts a gate which stays open for several /is, waiting 
for a fission pulse to be detected. 

In Kononov's set-up the absorber-converter was not dissolved in the 
whole tank but rather concentrated in a central cavity filled with an aqueous 
solution of cadmium nitrate. This type of construction allowed the use of a 
high concentration of Cd nuclei (H : Cd - 100 : 1) thereby decreasing the life
time of neutrons. In this way the length of the gate could be reduced from 
32 to b y-s. 

The expression for a is more complicated than Eq. (5) because of the 
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need to correct for random delayed coincidences due to background pulses. 
The problem of random coincidences limits the use of such an apparatus to 
neutron sources with not too high instantaneous rates, i.e. typically pulsed 
Van de Graaff accelerators. With this type of systeir , a value of B = 0.14 
has been achieved by Weston et al. -' and B =0.3 by Kononov et al.32) 

2) Fission chambers. Parallel plate fission chambers containing gram quan
tities of fissile material have been used in conjunction with a large liquid 
scintillator tank. Weston et al.^^) have used a chamber containing 5 g of 
^^'U as a 1 mg/cm^ coating on both sides of 10 cm diameter magnesium plates. 
It consisted of 29 plates spaced about 1 mm, and had an internal pressure 
of 5 atmi The chamber had a 70% efficiency for detecting fission fragments, 
which corresponds to a figure of merit B ~ 0.30. The Oak Ridge group has 
applied this technique first to measurements with a Van de Graaff accelerator 
and later to Linac measurements, since it does not suffer the limitations 
of the previous method. The most complete and recent of these experiments 
is the work of Gwin et al. '') , covering the energy range from thermal to 
200 keV for ^^'U and ^^'Pu. Having a chamber with a high content of fissile 
material is a much harder problem for ^^'Pu than for ^^'U because of the 
higher specific G-activity. Gwin et al. were able to fit 1.4 g of '̂  Pu 
in the chamber with a detection efficiency ê  =[0.425.] Since the ratio 
e^f/e was [l . 27], the figure of merit was B = 0.73, a value which is not .. 
much better than that of the experiments under II A. Recently, Corvi et al. 
have used a fission chamber containing 2.5 g of ^^'U in conjunction with 
four fluorocarbon based liquid scintillators with pulse height weighting. 
The average thickness of coatings was 1.16 mg/cm^ and the chamber efficiency 
was found to be e^ ~ 0.84 yielding a constant B ~ 0.14. A peculiar feature 
of this experiment was that data were normalized to gold neutron capture as 
well as to thermal and resonance a-values, and all normalizations agreed 
within 3%. ,, 

Very recently, Weston et al. have tried to measure a in ̂ '^U 
using a high efficiency fission chamber and total energy detectors of 
CgFg type. The parallel plate chamber had fissile deposits 300 ixg/cm thick 
for a total of 0.24 g of ^^^U. The data have not yet been analyzed but they 
appear to suffer from a very high background. 

To summarize, this technique of a-measurement seems to us the cleanest 
one and most free from systematic errors. Values of B as low as 0.14 have 
been obtained in the case of ^'^U. It has also been shown'^) that using 
total energy detectors the signal-to-background ratio is a factor of 2 to 
10 better than in the case of a large tank, when this is not operated in a coin
cidence mode. However, with such small quantities of material the background 
is a problem and extreme care should be taken in its determination. More
over a fission chamber for "^U and " ' Pu having high efficiency and con
taining gram quantities of fissile isotope has still to be built. 

IIC- Gamma-ray based methods 

Under this heading are included methods which exploit some particular 
feature of the capture and fission 7-ray spectra in order to discriminate 
between the two reactions. In such cases B can become negligible. 

1) Method based on low-energy 7-rays. An attempt was made in Geel"̂ ^̂  to ex
tend the low-level population method of spin assignment to a-measurements. 
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In fact a high resolution Ge(Li) spectrum of low energy 7-rays following 
neutron absorption in '^'U exhibits many resolved transitions, a few be
longing to capture and the majority to fission. A ratio between the inten
sities of the two types of transitions can be a measure of u provided one 
can reasonably assume that these intensities are proportional to the 
average capture or fission rate. This is generally not the case, at least 
for capture, if the spin distribution of the compound states changes. 
For the same reason, normalization of the data is a problem. The capture 
transition at 642 keV de-exciting a J" - 2 level in ^"U, and two fission 
7-rays at 352 and 1280 keV were used to derive relative a-values in the 
range 86 eV to 31.6 keV. Calculations show that the uncertainty associated 
with the different initial spin distributions is i 4Z at 30 keV and less 
than •̂  2Z below 10 keV. 

2) Multiplicity method. The average number of prompt 7-rays emitted per 
fission in ''*U is approximately 36,37) 6 - 7 as compared to 3 - 4 emitted 
in radiative capture. Muradyan et al.^^'^') have exploited such a difference 
to separate capture from fission by using a multiplicity spectrometer. Their 
detector^"', which is called Romashka-3 (romashka in Russian means daisy) 
consists of a 4)r assembly of Nal(Tl) crystals divided into 46 sections 
giving a total volume of 100 £: one-, two-, n-fold coincidences between 
detector sections are counted as a function of neutron energy. To increase 
the fission multiplicity, a '" B -*• wax mixture having the double function 
of converter and shielding is placed around the sample so that scattered 
and fission neutrons are moderated and then absorbed in boron. Plotting the 
frequency distribution as a function of the coincidence level n, two peaks 
are apparent, the lowest one belonging to capture and the other to fission. 
The two peaks are not completely separated; for example in the "capture" 
channel, which covers the range 2<n<5, the ratio of the efficiencies for 
detecting fission and capture is B - 0.22. However, the fission contribution 
in the overlapping region can be accurately measured by making use of the '°B 
pulses which are delayed compared to those of prompt 7-rays, thus allowing 
another way of distinguishing a certain fraction of fissions from capture 
events. The method is absolute, since the detection efficiency for both re
actions is almost 100% and Muradyan was able to reproduce the thermal a value 
within IZ. Background is also small, typically 9% at 10 keV, so that the 
authors claim a 5% accuracy in the a-values obtained for ^'^U in the range 0.1 
to 30 keV. In the last two years the detector has been improved, particularly 
with regard to the separation between capture and fission events. '' 

This method undoubtedly constitutes a major breakthrough in the field 
of a-measurements and should be applied to other isotopes. Also, the feasi
bility of extending such a multisection idea to a large liquid scintillator 
tank should be investigated, since this has a prompt neutron background which 
is much less than that of a Nal(TI) assembly.^O However, the possible de
pendence of the efficiency in the capture channel on the initial spin should 
be investigated in detail. 

Table II summarises the various experimental methods used, which are 
ordered for increasing values of the figure of merit B. The experiments are 
classified with ABS, CO or GAM according to whether they belong to the types 
described in IIA, IIB or IIC, respectively. 
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III. Review of the Data 

III A - The ̂ " U data 

Basically only two data sets exist for the energy region above 100 eV: 

1) the data of Weston et al.^\ based on an ORNL-RPI collaboration, covering 
the energy range up to 2000 eV. The experimental arrangement used consisted 
of a multiplate fission chamber containing about 1 g of fissile material placed 
inside a large scintillator tank. Capture and fission cross sections were nor
malized to low energy total cross section data of Pattenden and Harvey'^^) , g. 
assuming a constant value of 12.5 b for the scattering cross section. In ref. 
data are presented under the form of resonance integrals over 0.25 lethargy in
tervals up to 1223.eV. Point values up to 2000 eV are given in the corre
sponding EXFOR library^^); 

29) . . 
2) the data of Hopkins and Diven , obtained with the gadolinium loaded scin
tillator tank. The measurement is absolute and nine points covering the range 
from 30 to 1000 keV are given. 

It is clear that the available data are obviously insufficient, in 
particular no experimental values exist in the very important (for a fast 
breeder) energy region between 2 and 30 keV. A measurement in a range encom
passing this region and providing a good overlap with the two previous 
data sets is highly desirable. It should be noted that, due to the low value 
of a for ̂ ^^U (typically a~0.1 in the 30 to 100 keV region), it is particularly 
important in this case to apply methods with low values of the figure of merit B. 

IIIB - The"'U data 

A rather extensive bibliography on a of ^^^U including 17 papers published 
before 1977 can be found in the evaluation of Konshin et al?) After that date, 
three works have appeared, namely those of Beer et al. •^), Muradyan et al.-̂ °) and 
Corvi et al.'") From this material, eight works have been selected to give the 
best picture of the present status of a data for ^^'U in the unresolved region. 
Although this kind of selection is never completely objective, it has been carried 
out with the following criteria: 

1) A group pf papers published at different dates and reporting on similar measure
ments performed in the same laboratory are represented by the last published paper, 
having checked that the methods used are the same throughout and that the data sets 
supersede or include the previous ones; 

2) following the arguments developed in Section 2, priority has been given to 
measurements of the coincidence type (CO) and of the 7-ray type (GAM). These 
experiments are rather numerous in the case of ^ ^U, mainly because of the much 
lower specific activity of this isotope compared to the other two. 

3) the only experiments not belonging to the previous types are those of Czirr 
et al.'^'), and Beer et al.'3) The measurement of Czirr^') was done with a hydrogen-
free detector insensitive to changes in spectrum shape and having a constant B not 
too high. The measurement of Beer et al.'-̂ ) which utilizes a large liquid scintillatoi 
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and a low-high bias technique, has the advantage of being absolute, though 
the extrapolation of the pulse height spectra to the low energy end contributes the 
main systematic uncertainty. 

The main parameters of the eight selected experiments are listed in 
Table III: they include information on the type of measurement, the 7-ray 
and fission detector, the sample thickness, the time-of-flight resolution, 
the energy range investigated, the region where data are normalized, the 
constant B and the total estimated uncertainty at about 30 keV. For those 
measurements which are not absolute, normalization of the data may be a 
problem in the case of ''*U. In fact, in order to determine the two con
stants of Eq. (2), or Eq. (5), two different a values are needed. Now, 
in the energy region below 1 eV, a has a low and rather constant value, 
contrary to what happens in '"Pu. On the other hand, normalizing the 
data in the region of isolated resonances is also subject to uncertainties 
because different evaluations50~53) give quite discrepant values for resonance 
parameters. ... 

In ref. some of these difficulties were avoided by independently 
measuring the efficiency e^ of the fission chamber so that only one constant 
remained to be determined. ,. 

Using the data available in 1978 Konshin et al. have produced an 
evaluation based on a method which allows for correlations between the 
partial errors of different experiments. To do so, the total experimental 
error on a was divided into 13 independent partial errors. Their conclusion 
was that, if the correlations are correctly taken into account, the relative 
error on a in the region up to 80 keV ranges from 5 to 8.5% increasing to 12% 
at 1 MeV. However, the recent measurement of Muradyan et al.-'") contradicts 
this finding, their data being on average about 16% lower than those of Gwin 
et al. ) , a work which plays an outstanding role in any evaluation of a below 
100 keV. Similarly, the data of Corvi et al.'') are about 10% lower than 
those of ref.'') These three experiments use the most up-to-date techniques, 
in particular the work of Muradyan is based on an original method which is 
largely uncorrelated with previous ones. Whatever the true values are, it 
seems reasonable to conclude that the errors given by Konshin et al.") are too 
optimistic. This is probably due to the fact that even the most sophisticated 
techniques of error analysis cannot cope with a situation in which many syste
matic errors exist whose magnitude is difficult to assess. 

In Fig. I six data sets of works quoted in Table_III are plotted: 
also the maximum relative spread of these values Aâ ^̂ ^̂ /a is plotted in the lower 
part of the figure. This is not intended to be an error value but rather an in
dicator of the level of agreement of the data. 

IIIC -The '^'Pu data 

A very accurate and comprehensive review of a measurements for *"Pu in 
the range 100 eV to I MeV was published ten years ago by Sowerby and Konshin^). 
All the measurements performed up to that date were critically examined and a 
thorough discussion of all possible sources of systematic errors was given. 
Most of the points raised are still valid today and the review is recommended 
to those who want to get a more complete picture of the problems connected 
with a measurements. 
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. ..^,. ^^^ w..̂  purpose or the pi , u- u • ^^ 
considered the summary of all data published prior to December 1971, which will 
not be examined here again. The main parameters of the experiments which were 
performed later are summarized in Table IV. 

The works have been grouped according to the laboratory and the neutron 
facility used. The first two measurements listed were performed at ORLLA with 
different detector arrangements. In ref.'8) the two techniques were discussed 
and compared and the results were found to agree within a few per cent over 
the whole energy range, in spite of the fact that the estimated errors for both 
data sets ranged from 10 to 25% above 10 keV. According to the authors, the 
close agreement above 40 keV could be fortuitous. 

The next three works were performed by Kononov and his co-workers at the 
pulsed Van de Graaff accelerator of the Obninsk Institute. The measurements 
were carried out using the time-of-flight technique and a continuous spectrum 
of neutrons from thick targets in the energy range 10-80 keV, and using mono
energetic neutrons with a resolution between 10 and 30 keV in the region 100 keV -
1 MeV. The data are summarized in ref .^^) where 52 data poirits covê ring the 
range from 9.4 keV to 1 MeV are given. Also listed are the a^ and â  values_ _ 
averaged over decade energy intervals between 10 and 80 keV, from \7hicho.= o /a^ 
can be deduced. The estimated total uncertainty, resulting from a composition 
of statistical and systematic errors, is 21.5% in the 10-20 keV interval and 
12% between 20 and 80 keV increasing to 20% at 500 keV and 36% at 1 MeV. 

With the exception of the work of Bergman et al.'6), all other measure
ments listed in Table IV were performed with a stilbene crystal as a 7-ray de
tector. Therefore, for the reasons explained in subsection IIA, such measure-

. . . . . 1 A"\ 

ments should receive limited attention. The experiment of Bergman et al. •' 
on the other hand was performed with a lead slowing down spectrometer, a tech
nique which is apparently not very reliable as it has often produced discrepant 
results. j^, J 

The data of Weston et al. , Gwin et al. , Poletaev et al. and the 
evaluated values of Sowerby and Konshin^) are plotted in Fig. 2 over the range 
100 eV to 1 MeV. Also, the maximum relative spread of these values Aa /a 
is plotted in the lower part of the figure for the region up to 100 keV. 

Several evaluations of a for ̂ ^'Pu have been performed in recent 
years^'"'^' " ̂ °) . One is that of Kononov and Poletaev^), giving values of a in 
the format of decade energy intervals from 0.1 keV to 1 MeV with an estimated ac
curacy of 8 - 12%. More recently, Konshin et al.6) have evaluated a of ^^'Pu 
with the same method used for ̂ '*U. They concluded that a is known with an ac
curacy of 6% in the region from 0.1 to 20 keV, 8-10% from 20 to 100 keV, 
13- 17% from 100 to 800 keV and 25% from 0.8 to 1 MeV. For the reasons discussed 
in sub-section IIIB, these accuracies should be taken with some caution. 

IV. Conclusions and Recommendations 

The present status of the a data for the three main fissile nuclei, as 
described in Section III, shows clearly the need for more measurements. 
First of all, in the case of ^^^U there is absence of data in the important 
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region from 2 keV to 30 keV. Moreover no new measurement has been performed 

since 1968. 13 19 38) 
Contrarily, three new measurements ' * of a for '*'U have been 

performed in the last 3-4 years. The surprising thing about them is that 
two''*-*®' give a values which arc on the average 10% to 16% lower than those 
of Gwin''), work which was generally recognized as the best measurement in the 
region below 100 keV. This finding should warn the evaluators to be more con
servative in estimating the attained accuracy level. These considerations should 

3 3 9 

also apply to the more important case of Pu, for which no new measurement 
has been performed in the last five years. In fact, new measurements are 
needed in order to make sure that the discrepancies which recently appeared 
in a of "*U do not show up for '" Pu as well. 

As to the techniques which should be employed in future measurements, 
it is suggested here that the use of absorption methods as defined and described 
in Sub-section IIA should be discontinued. Conversely, effort should be con
centrated on coincidence methods (Sub-section II B) and 7-ray based methods 
(Sub-section II C). In particular the multiplicity method recently proposed by 
Muradyan^") seems to yield great promise. 
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Table I - SuHMry of Requests for a or a Measurements above 100 eV 

for "3u. 235^ .„, 239p^ 

Isotope 

233u 

235^, 

" 9 p u 

WRENDA 81/82 LIST • 

Energy 

LL 

100 eV 

1 MeV 

100 eV 

1 HeV 

100 eV 

1.0 KeV 

50 KeV 

3 MeV 

Range 

UL 

1.50 MeV 5 

20 MeV 

1.0 MeV 

10 MeV 5 

1.0 KeV 

50 KeV 

3 MeV 

10 MeV 

• 1st PRIORITY 

Accuracy 

X to 8 X 

10 X 

5 X 

X to 10 X 

7 X 

4 X 

5 X 

10 X 

ONLY 

Requestors 

USA. GER 

JAP 

FR. CCP 

JAP. FR 

USA, CCP 

USA, CCP. 

USA, CCP. 

USA 

FR 

FR 

NEANDC/NEACRP 

Energy Range 

LL DL 

100 eV 

1 MeV 

1 MeV 

100 eV 

1 MeV 

10 MeV 

20 MeV 

600 KeV 

HIGH-PRIORITY LIST 

Accuracy 

20 X 

10 X 

5 X to 10 X 

6 X 

1982 

Requestors 

GER 

JAP 

JAP 

USA 

u> 



Table II - Comparison of experimental arrangements, Usted for Increasing value of the figure of merit B 

Authors 

Hopkins et al.^^^ 

Weston et al.-̂ ^̂  

Corvi et al.^^^ 

Muradyan et al. ' 

Weston et al.^^ 

Kononov et al. ) 

Weston et al.̂ '̂ ^ 

Gwin et al. ' 

Bolotskii et al.^^^ 

Czirret al.^^^ 

Beer et al.̂ '̂ ^ 

Farrell et al. ̂ ^̂  

Ryabov^^^ 

Schomberg et al. ' 

Schomberg et al. ^ 

Year 

1962 

1964 

1982 

1979 

1968 

1972 

1964 

1976 

1977 

1970 

1979 

1970 

1976 

1970 

1968 

Exp. 
Type 

CO 

CO 

CO 

GAM 

CO 

CO 

CO 

CO 

ABS 

ABS 

ABS 

ABS 

ABS 

ABS 

ABS 

Ganma-ray Detector Fission Detector 

Large Liquid Scint. Loaded with Cd 

Large Liquid Scint. Loaded with Gd 

CgFg weighted [Fission Chamber 

Nal(Tl) assembly with 46 sections 

Large Liquid Scint. I Fission Chamber 

400 1 liquid scint. loaded with Cd 

Large Liquid Scint. |Fission Chamber 

Large Liquid Scint. [Fission Chamber 

Stilbene crystals with f>SD 

CgDg lin. weighted with PSD 

800 1. liquid scint. high-low bias 

Solid state Moxon-Rae Solid state 

Stilbene crystal with PSD 

Moxon-Rae I Liquid Scint. with PSD 

Moxon-Rae I Liquid Scint. with PSD 

233u. 

235u 

235u 

235u 

235u 

233u. 

235u 

"5u. 

239pu 

239pu 

235u 

"9pu 

239pu 

239pu 

239pu 

Sample 

235u. 

"9pu 

"9pu 

239pu 

'f 

0.90 

0.875 + 0.007 

0.836 +_ 0.008 

0.78 

0.704 + 0.007 

0.70 

0.43 - 0.49 

-

_ 

. 

. 

_ 

. 

-

0 

0 

0 

1 

B 

0.10 

.145 + 0.013 

.145 + 0.010 

0.22 

0.25 

0.3 

0.34 

.58 - 0.73 

0.62 

0.86 

~ 1 

,27 + 0.08 

1.5 

1.5+ 0.2 

2.5 

U) 

o 



Tible I I I : A selKMon of M u u r M n U of . for ^*U In tho fi»t energy rogton. 

Nb 

1 

2 

3 

4 

!> 

6 

7 

8 

Authors 

Hopkins e t • l . ^ > 

Lottin et i l . * ' ' 

Czirr et i l . ^ ' ' 

G K i n e t a l . " ' 

PoleUev et • ! . * * ' 

Beer et i l . '^^ 

Nura4yan ct a l . ^ ) 

Corvi et i l . * ' ) 

Year 

1962 

1966 

1970 

1976 

1976 

1979 

1979 

1982 

Meas. 
Type 

CO 

CO 

ABS 

CO 

CO 

ABS 

GAM 

CO 

GawM-ray Detector Fission Detector 

Gd Loaded Large Liquid Sc in t i l l . 

Gd Loaded Large Liquid Sc in t i l l . 
1 

CgDg linear, weighted with PSD 

3000^ Liqu.Scint. Fission chaaber 

Cd Loaded Large Liquid Sc in t i l l . 
1 

Large Liq. Sc in t i l l . with LOM and 
High Bias 

46 Section Nil (TI) 

4xCgFg wighted Fission chaaber 

Sanple 
Thick. 
(at/b) 

•- 0.024 

~ 0.022 

0.4-10'^ 

1.4-10"* 

3.6-10'^ 

0.6-10'^ 

0.8-10"' 

1.0-10"* 

! '0^ 
1 resol. 

1 . • 

0.2 ns/* 

50 ns/a 

1 ns/a 

18 ns/a 

2 ns/a 

2 ns/a 

0.5 ns/a 

Energy 
Range 

30keV-I»teV 

17keV-600keV 

48eV-28keV 

0.02-200keV 

lOkeV-lHeV 

lOkeV-SOOkeV 

100eV-30keV 

2keV-85keV 

Norail. 
Region 

absolute 

absolute 

resonance 

0.02-0.4eV 

absolute 

absolute 

absolute 

theraal 
and keV 

B 

0.10 

0.14 

0.86 

0.58 

0.3 

1 

0.22 

0.14 

Total Error 
at ~ 30 kcV 

9.6 

8.6 

11.6 

7.3 

10.3 

8.0 

S.O 

7.0 

CO 



Table IV - Summary of experimental parameters for recent measurements of o In ̂ '̂l Pu 

Hr. Authors 

Weston et a1.^^' 

Gwin et al.^^' 

321 Kononov et al. ' 

Kononov et al. ' 

Poletaev et al.*^^ 

Dvukhsherstnov et al. ' 

Year 

Bergman et al 

25) 

16) 

Ryabov 

Bolotskii et al 26) 

1972 

1976 

1972 

1975 

1976 

1974 

1976 

1976 

1977 

Exp. 
Type 

ABS 

CO 

CO 

CO 

CO 

ABS 

ABS 

ABS 

ABS 

Gamma-ray Detector Fission Detector 

CgFg weighted | Liquid Scint. with PSD 

30001 liquid Scint. I Fission Chamber 

400 1 Cd ".oaded Liq. Scintil lator 

Stilbene Crystal with PSD 

Moxon-Rae prop, counter! Fission Chamber 

Stilbene Crystal with PSD 

Stilbene Crystals with PSD 

Sample 
Thickness 

(at/b) 

6.0.10" 

0.8-10 -4 

2.9-10" 

5-10 

1.7-10 -4 

2.1-10 

-1.6.10 

-3 

-3 

ToF resol. 

- 2 ns/m 

1 ns/m 

18 ns/m 

Lead slowing 
down 

230 ns/m 

16 ns/m 

Energy Range 

0.02eV-200keV 

0.02eV-200keV 

lOkeV-lMeV 

lOkeV-SOkeV 

lOkeV-lMeV 

2, 24.5, 140keV 

0.2keV-30keV 

0.007eV-12keV 

0.1keV-30keV 

Normal.Region 

0.02eV-0.4eV 

0.02eV-0.4eV 

Absolute 

Thermal 

Thermal 

Resonance 

Resonance 

0.73 

0.3 

1.5 

0.62 

LO 

ro 
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Oi.-

h HOPKINS (1962) 
* LOTTINS (1966) 
- GWIN (1976) 
o POLETAEV (1976) 
• MURADYAN (1979) 
D CORVI (1982) 
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Fig. I - Comparison of six selected measurements of a for ^''U. 
In the _1 ower part of lIu' graph the maximum relative spread 
Aa / a is given, 
max ^ 
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1.5-

1.0-

0.5-

239 

+ WESTON e ta l . (1972) 
oGWIN eta l . (1976) 
V POLETAEV et al.(1976) 
-SOWERBY and KONSHIN 

EVAL (1972) 

- I — r -I 1—r 

0.1 10 100 1000 

X 

a 
E 

< 

10 

0.3-1 

0.2 

0.1 

0 

A 
pj W 

-I 1—r -| 1—r 
0.1 1 10 

NEUTRON ENERGY (keV) 
100 000 

Fig. 2 - Comparison of three selected data sets appeared after 1972 
with the evaluation of Sowerby and Kowshin of a for Pu. 
In the lower part of the graph the maximum relative spread 
of the data Attjjĵ /̂a"is plotted for the "interval" region up 
to 100 keV. 
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Discus*lon 

QUESTION: R. Block 
I was Impressed with Muradyan's Ronashlea multiplicity detector when I saw 
It in 1976. It should be very useful for cross section measurements. Is 
anyone (In the 'Western* world) planning on using such a detector for cross 
section measurements? 

ANSUER: F. Corvl 
I don't believe there Is any new detector of this type under construction 
for neutron work. However, large multl-sectlonal detectors based always on 
Nal(Ti) (crystal balls) have been built for heavy-Ion physics (e. g. at 
Heidelberg and ORNL). 
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FAST NEUTRON CAPTURE IN ACTINIDE ISOTOPES: 
RECENT RESULTS FROM KARLSRUHE 

K. Wisshak, F. Kappeler, G. Reffo"^, and F. Fabbri 

Kemforschungszentrum Karlsruhe GmbH 
Institut fiir Angewandte Kernphysik 

P.O.B. 3640, D-7500 Karlsruhe 
Federal Republic of Germany 

ABSTRACT 

241 240 242 Capture gamma-ray spectra of Am, Pu, Pu 
^^^U and -^^'AU were calculated in the framework of the 
spherical optical model and the statistical model. These 
spectra were used to correct experimental data for the 
capture cross sections of 2i+o,̂ if2p̂  ^j.^^ "̂̂ Âm from re
lative measurements using a Moxon Rae-detector with gra
phite converter and ^^^Au as well as ^^^U as standards. 
This correction is required to take into account that the 
detector efficiency is not exactly proportional to gamma-
ray energy. The resulting correction factors proved to 
be negligible for measurements relative to ^^^U, whereas 
they are '\'3 % if gold is used as a standard. 

, 243 
The capture cross section of Am has been measured 

in the energy range 10-250 keV using kinematically colli
mated neutrons from the ^Li(p,n) and T(p,n) reaction. 
The samples are positioned at flight paths of 5-7 cm 
and gold was used as a standard. Capture events were 
detected by two Moxon-Rae detectors with graphite and bis
muth-graphite converters shielded by 0.5 - 2 cm of lead. 
Fission events were detected by a NE213 liquid scintil
lator. The present status of the experiment and some pre
liminary results will be presented. 

INTRODUCTION 

Moxon Rae detectors in connection with kinematically colli
mated neutrons from (p,n) reactions and the use of very short 
flight paths proved to be a suited method to measure capture 
cross sections of highly radioactive actinides in the keV range, 

Comitate Nazionale per 1'Energia Nucleare, Bologna, Italy 
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Measurements have been performed for ' Pu and Am using 
^''AU and ^'*U as standards^ ' ̂  " . Very recently, this series 
has been completed by investigating a sample of '̂•'Am. 
One of the largest systematic uncertainties in these measure
ments is due to the fact that the efficiency of a Moxon-Rae 
detector deviates slightly from the ideal shape (which in
creases linearly with gamma-ray energy). In the first part of 
the present paper we describe the evaluation of the respective 
correction factors which turned out to be of the order of 3 % 
if gold is used as a standard. In the second part we report on 
a measurement of the capture cross section of '̂*'Am which is 
presently underway. The strong radiation background up to 
'V'350 keV gamma-ray energy from the decay of '^'Np makes this 
experiment rather difficult and up to now no data are published 
for this isotope in the keV range. 

EFFICIENCY CORRECTION OF PREVIOUS CAPTURE CROSS SECTION 
MEASUREMENTS ON ^ •• <" 2 *• 2 Pu AND *'*̂ Am. 

Correction of deviations of the Moxon-Rae efficiency from 
the ideal shape requires knowledge of two quantities: (i) the 
shape of the capture gamma-ray spectrum of sample and reference 
sample and (ii) the shape of the efficiency curve for the particular 
converter material. Then the respective correction factors can 
be calculated according to the formula given in Ref. 4 (this 
conference). 

The capture gamma-ray spectra were calculated in the frame
work of the statistical model and the optical model. A detailed 
description of the method is given in Refs. 5,6,7 and the present 
results will be published in Ref. 8. The model parameters have 
been determined from model-guided systematics and from analyses 
of available experimental information on total, elastic and in
elastic cross sections and on neutron resonances. In the calcu
lation of capture gamma-ray spectra each gamma-ray story is 
followed starting from the decay of the compound system down 
to the ground state. A maximum multiplicity of 7 was sufficient 
to account for more than 99 % of the total capture cross sec
tion. All experimental information on level schemes and gamma-
ray branchings was explicitely used as input in the calculations. 
In addition to the capture gamma-ray spectra the capture- and 
total cross sections as well as gamma-ray strength functions 
and total radiation widths were calculated for all isotopes 
to check the reliability of input parameters. The spectra ob
tained are shown in Fig. 1. As they vary slightly with neutron 
energy, only averages over the results at 10, 40 and 100 keV 
are given. 

In the lower left corner of Fig. 1 two possible shapes for 
the efficiency of a Moxon-Rae detector with graphite converter 
are plotted. The dashed one is an eye guide curve to the experi-
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l a 2 
GAMMA-RAY ENERGY (MeV) 

Fig. 1 Capture gamma-ray spectra for keV neutron capture in 
i^^Au, 238u z^op^^ 2.2 p^ ̂ ^^ z-̂ Âm. In the lower 
left earner relative shapes of the efficiency of a 
Moxon Rae detector with graphite converter are given 
(for details see text). 
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9 10 
mental results of Macklin et al. , Moxon and Rae and our own 
measurements as discussed in Ref. 11. The solid curve was cal
culated theoretically by Malik and Majkrzak^^.With the informa
tion of Fig. 1 the correction factors were calculated in 
the same way as discussed for ^"Fe and '̂ /eojjĵ  ^^ j^^^^ 4^ .pĵg 
results are given in Table I. On the average, cross section ra
tios measured relative to a ^" Au standard have to be corrected 
by 3 % whereas no correction is required for measurements using 
the ^"U standard. 

TABLE I Correction factors K for our previous capture 
240 242 241 cross section ratios ' Pu and Am versus 

^^^u and 238^ 

Cross section ratio Correction factor K 

240- ,197-
240^^/238^" 
242^^/197" 
242^^^238^^ 

24l"^19^; Am/ Au 

0.966 
0.994 
0.973 
1 .002 
0.972 
0.973 

In Ted)le II averaged and corrected values for the capture 
cross sections of '̂.OfZ'.Zp̂  ^^^^ '̂*̂ Am are given. They were ob
tained by correcting the experimental ratios of Refs. 1,2,3 ac
cording to Table I and by converting them to absolute values 
using the evaluated cross sections for gold from ENDF/B-V 
and for '̂® U from KEDAK-4. The results of five complementary 
measurements for each isotope using different neu
tron spectra, flight paths or cross section standards are finally 
averaged by weighting each data point according to its uncer
tainty. The uncertainties of the averaged cross sections are 
dominated by systematic effects which are slightly larger for 
•̂•̂ Pu because of the sizeable correction for isotopic impurities 
in this particular sample. The values given in Table II are 
estimated from the systematic uncertainties of individual runs 
and are not evaluated by a covariance analysis. They are deter
mined from the experimental ratios and do not include the uncer
tainty of the standard cross section. 
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Fig. 2 Corrected and averaged values for the capture cross 
section of '̂*''Pu, previously published in Refs. 1 and 
2. Comparison is made to the results of other authors. 

In Fig. 2 a comparison is made for the capture cross sec
tion of '̂*''Pu with the two other data sets available in 
literature^ ̂ '̂ "̂ , which both agree quite well within the quoted 
uncertainties. 
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Fig. 243 
Experimental TOF spectrum of the Am sample mea
sured by a Moxon-Rae detector with bismuth-graphite 
converter and with a lead shielding of 0.7 cm. A 
constant value has been added to the background spec
trum measured with the graphite sample to account for 
the time-independent background from the "̂"̂ Am decay 
(the peak right of the gamma peak is caused by a 
diaphragm in front of the Li-target). 
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TABLE III Parameters for the Individual Measurements of 

the Neutron Capture Cross Section Ratio 
,243^ > / /197, , a ( Am) lo ( Au) 

Run 

1 

2 

3 

4 

5 

6 

7 

8 

Lead Shie! 
Moxon-Rae 

(cm) 

2.0 

1.0 

0.7 

0.5 

2.0 

1.0 

2.0 

1.0 

Iding of 
Detectors 

Flight 

(mm) 

52 

52 

52 

52 

71 

71 

65 

65 

Path Neutron Energy 
Range 
(keV) 

10-90 

10-90 

10-90 

10-90 

10-90 

10-90 

50-250 

50-250 

capture gamma-ray spectra as discussed above. A preliminary 
estimate of the capture cross section shows that it is about 
20 % lower than for '̂*̂ Am. The fission cross section appears to 
be very small in the energy range from 140-80 keV, the observed 
effect is compatible with a cross section of the order of 10 mb. 
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Discussion 

QUESTION: R. Anderl 
How do your recent measurements for 2'*^Am(n,Y) compare with ENDF/B-V? 

ANSWER: K. Wisshak 
The capture cross section of '̂̂ •̂ Am given in ENDF/B-V is about a factor of 
two smaller than the cross section of '̂*̂ Am in the KeV range. We find only 
a difference of ~ 20-30% between both cross sections, so there is a large 
discrepancy between ENDF/B-V based on very preliminary results. 

NOTE: A. B. Smith made the comment after the question/answer time that 
for ENDF/B-V the 2'*̂ Am(n,Y) cross section is s; 50% smaller than that for 
2'*lAm(n,Y) at 100 keV and 200 keV. 

QUESTION: R. Peelle 
How do you confirm the energy scale in these experiments? Do you use 
absorbers (e.g. Al) and look for resonance dips? 

ANSWER: K. Wissak 
We have measured resolved resonances from structural materials with the same 
short flight path and could reproduce the energies to ~ 1-2% around ~ 30 
keV. The uncertainty in flight path measurements is converted into an 
uncertainty in the energy scale of all the measurements. 
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Abstract 

The measurement was performed at the Geel linac, using a multi-plate 
fission chamber of known efficiency and four CgFg scintillators. Two different 
normalizations, one based on the Au(n,7) cross section in the keV region and 
the other on the thermal a value were compared and found to agree within 3%. 

I. Introduction 

235 
The neutron capture cross section and alpha of U have been exten

sively measured in the past with a large variety of techniques. However, in 
view of the inherent difficulties of such measurements, it is doubtful that 
the required precision of about ± 5X had been reached. Recently, Muradyan 
et al. O have measured a in the range 0.1 to 50 keV with an original technique 
claiming a high accuracy. Their results are on average about I5Z lower than the 
values of Gwin et al. •'). 
In an effort to resolve this discrepancy a new experiment has been carried out in 
Geel. Although the technique used follows the main lines of those previously 
developed 3»^»5) in Oak Ridge, there is an important new approach: it consists 
of directly comparing the 235u capture rate with that of Au in the keV region. 
This is made possible by the use of total energy detectors coupled to a fission 
chamber. Another important improvement is the accurate determination of the 
efficiency of the fission chamber performed in preliminary experiments. 

II. Description of the Experiment 

II.A. General lay-out. The experiment was carried out at the Geel 140 MeV 
electron linac equipped with the rotary target ") for maximum power dissipation. 
This target consists of a mercury cooled uranium annulus which slowly rotates 
in a horizontal plane. Neutrons produced in uranium are moderated by the water 
contained in two rectangular beryllium cans 4 cm thick, placed above and below 
the target which is itself shielded by a copper and lead shadow bar. 
In the present experiment, the linac was operated at 14 ns burst width and 800 Hz 
repetition frequency, yielding an average beam power of 10 kW. 

2) 

Bursary of the European Community 
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The detector system was placed at 28.8 m from the target, on a flight path 
perpendicular to the moderator plane, yielding a nominal resolution of 0.5 ns/m. 
A vertical section of the experimental set up together with the associated 
electronics scheme is shown in Fig. 1:: 
after appropriate definition with 
copper and lead collimators, a neutron 
beam of 9 cm diameter impinges on a 

}—STOPTOT.C. 

COINC. H ROUTPNO BIT 

Fig. 1. Experimental set up. 

multiplate fission chamber containing 
deposits of U30g enriched in 235u. 
The 7-rays resulting from neutron 
absorption in the sample are de
tected by four CgFg liquid scintil
lators of 10.2 cm diameter and 
7.6 cm height. The whole detector 
system which is supported by a 
light aluminium frame, is kept 
completely unshielded. Pulses from 
CgF, detectors were first divided 
into two parts according to whether 
in coincidence or not with fission 
chamber pulses. The coincident ones 
are due to prompt fission 7-rays 
while the others are associated to 
capture 7-rays or to 7-rays from un-
d-e£eiite_d fissions or simply to background radiation. After this partition, the data 
were subdivided in 22 pulse height intervals covering the energy range from 0.3 to 
7.7 MeV. The usual weighting procedure according to the detected pulse height 
was then applied to gamma pulses in order to achieve a response proportional 
only to the total 7-ray energy emitted. Finally, weighted time-of-flight spectra 
were built for coincidences and for anti-coincidences respectively. A short 
description of the acquisition system is given in Ref. '^. 

II.B. The fission chamber. To achieve good discrimination between capture and 
fission events, the efficiency of the fission chamber should obviously be as 
high as possible. On the other hand, to obtain a reasonable signal-to-background 
ratio, a maximum amount of 235u should be used. Moreover the chamber thickness 
should be minimized both because of time-of-flight resolution requirements and 
because of the small size of the 7-ray detectors. Finally, the structure of the 
chamber should be as light as possible to minimize 7-ray background. Our multi
plate fission chamber is the result of a compromise between these largely con
flicting requirements. It consists essentially of a cylindrical aluminium con
tainer of 14 cm external diameter and 10 cm height,inside which is located a 
stack of parallel aluminium plates with back-to-back coatings of uranium oxide 
prepared by electro-spraying. The chamber is operated with continuous methane 
flow at atmospheric pressure and its main physical characteristics are listed 
in Table I. 
A special wiring of the plates similar to that suggested in ref. was adopted 
in order to reduce its large electrical capacitance. Pulses from the chamber were 
sent via a charge sensitive pre-amplifier to a filter amplifier with differentiation 
and integration constants set equal to 20 ns and then to a constant fraction 
discriminator. Because of the small inter-plate spacing, there was no valley 
between alpha and fission pulses. In fact, when the chamber was working in a 
coincidence mode, the threshold was kept so low as to accept some 10^ a counts/s. 
in order to maximize the efficiency for detection of fission fragments. When 
the chamber was used alone, as in the separate measurement of the fission cross 
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of the coincidence between pulses from the fission chamber and those from the 
CgFg scintillators was set at 36 ns, a value which was largely sufficient since 
the FWHM timing resolution of the chamber was found to be about 10 ns. 

II.C. Efficiency of the fission chamber. The data analysis procedure requires to 
know Che efficiency e of the chamber with high precision. For this reason, a 
special effort was deployed to determine this fundamental parameter as accurately 
as possible. For checking purposes, two independent methods were used: 
1) the coincidence rate was measured between the fission chamber exposed to a 

thermal neutron flux, and a fast neutron detector consisting of a NE 213 liquid 
scintillator coupled to a pulse shape discrimination circuit. If the fast 
neutrons present are only produced by fissions in the chamber, then the ratio 
of coincidences to singles rate in the neutron detector is a measure of the 
efficiency of the chamber. Because of the strong angular correlation between 
fission neutrons and fragments, the measured efficiency depends on the 
angle 9 between the axis of the chamber and that of the neutron detector. 
By simply rotating the chamber, e could be measured for different values 
of tf : in the limiting cases <? » 0" and 0 = 90° it was found c = 0.892 and 
e - 0.791, respectively. These data were first fitted with a function 
of the type «(^) - a + b • cos 0 , which was then integrated over the whole 
solid angle, yielding a value f = 0.839; 

2) using the set up of Fig. I, a run was performed at thermal neutron energy. 
To do so, the apparatus was brought to a 13m flight path and appropriately 
shielded with lead and borated wax. As said before, the anti-coincidence 
counting rate consists of capture 7-rays, fission 7-rays and background. This 
last component is the sum of a constant background, mainly due to the activity 
of fission fragments, plus that produced by scattered neutrons. While the first 
one was measured at flight-times nuch longer than those of the Maxwelllan 
peak, the second was deduced from a mock chamber run. In the range 0.02 -0.1 eV 
the 235u capture counting rate was estimated from a run with a gold sample and 
from the known thermal cross sections of 235u and Au. Using the data of ref. ' ) , 
a correction was introduced which accounts for the deviation of the 235u (n,7) 
cross section from the l/v behaviour. After subtraction of these contributions, 
the ratio r between what is left of the anti-coincidences and the coincidences 
can be expressed as r ' (l-e)/e. The parameter r was calculated in the eight 
10 meV intervals between 0.02 and O.ĵ O eV. Its average value and associated 
standard deviation were found to be r - 0.2005 + 0.0103 from which an efficiency 
e - 0.833 1 0.007 was deduced. Since the results of the two methods are in 
excellent agreeim>nt, their average c - 0.836 was adopted with a relative 
standard deviation equal to IZ. 

II.D. Measurement method. In order to deduce o^ and a, five different runs with 
the following experimental conditions had to be performed: 
1) Main run. Sample: 235u fission chamber. Detectors: CgFg. 
2) Background run. Sample: Mock chamber. Detectors: CgFg. 
3) Normalization run. Sample: Au. Detectors: CgFg. 
4) Neutron flux run. Detector: ^Li-gfass. 
5) Fission normalization run. Detector: 235u chamber. 
Runs 1 to 4 were all performed with a 2.4 cm thick aluminium filter permanently 
kept in the beam, in order to monitor the background ir. the region of the 34.8 keV 
"black" resonance. The most significant points of measurements and analysis are 
discussed in the following. 

III. Background Determination 

About 50Z of the total measuring time was devoted to the determination 
of background since this is perhaps the hardest problem to be faced in this kind 



350 

of experiments. In fact the signal-to-background ratio of the anti-coincidences 
is typically 1 : 1 above 30 keV and becomes worse at lower energy. An absolute 
necessity in these cases is a measurement with a mock chamber (M.C.) i.e. an 
ionization chamber of identical construction as the fission chamber (F.C.) 
containing exactly the same amount of aluminium but no fissile isotopes on its 
plates. A second important point is keeping a "black resonance" filter permanently 
in the beam, to monitor the background at least at a given energy. Aluminium 
was chosen as a filter on the basis that the amount of this material present in 
the chamber would in any case prevent and accurate determination of a around 
the 5.9, 34.8 and 87.4 keV resonances. The F.C, the M.C. and the Au runs were 
repeated with different filter combinations, namely with an additional 2.4 cm 
thick slab of aluminium or with a 1 cm thick sodium metal filter in order to have 
"black" resonances at 87.4 and 2.85 keV, i.e. at energies encompassing the zone 
which we intended to cover. 
The following conclusions are drawned: 

i) the counting rates of the M.C. run at 87.4, 34.8 and 2.85 keV are propor
tional, within about 2%, to the corresponding ones of the F.C. run; 

ii) the background, expressed in counts/TOF unit, varies very slowly with 
energy, at 2.85 keV being 84% of that at 87.4 and 34.8 keV; 

iii) when normalizing at the same integrated neutron flux, the counting rate of 
the M.C. at 34.8 keV is 93% of that of the F.C; 

iiii) the background finally subtracted from the F.C. run consists of the M.C 
spectrum, normalized to the same neutron flux, plus a constant contribution 
to make up for the remaining 7%; 

iiiii) the uncertainties in the background determination are estimated to be 
± 3.1% at 87.4 keV, ± 1% at 34.8 keV and ± 2.1% at 2.85 keV. 

These correspond to uncertainties in a^ or a of about 6%, 3% and 10%, respectively. 
Plots of the F.C anti-coincidence 
spectrum and its associated back
ground are given in Fig. 2. 
As far as the coincidences are 
concerned, the background, which 
is at most 2% of the signal, 
has been fitted with a simple 
exponential function going 
through the black resonance 
points. 

A. "5u CHAMBER, FOREGROUND 

B. MOCK CHAMBER, BACKGROUND 

I—r I M i l l " 
10 

T-

E n (keV) 

T" I I I 11 I — 
100 

Fig. 2. Spectrum of 7-ray pulses not in coin
cidence with fission chamber pulses,and asso
ciated background. 

IV. Normalization Procedure 

The cross sections a and a and a of 
counts by the following expressions: 

235 
U are related to the actual 
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where AC and CO are the anti-coincidences and the coincidences, respectively, 
after removing the detector backgrounds; * is the neutron flux as derived from 
a "Li-glass run, Cy are the counts due to capture only and Cf those due to 
fissions normalized to lOOZ efficiency. The normalization procedure described 
in the following consists of estimating the constants K , K, and/or their ratio. 

7 f 
IV.A. Normalization to the Au(n,7) cross section. A normalization run was per
formed by replacing the stack of aluminium foils of the M.C with three gold 
discs of 9 cm diameter and 0.2 mm thickness, spaced to reproduce the geometry of 
the 235u deposits. The normalization constant K can then be derived from the 
following expression: ''' 

N(Au) 
- P 

S (Au) 
n 

N(U 35)-S (U 35) 
n 

o^(Au)-* 

C (Au) 
7 

where N indicates the nb. of atoms/cm of the samples,S^ the neutron separation 
energy, OY(AU) the counts in the Au run normalized to the same integrated flux 
as the 235u run and ti = 1.052 is a factor cumulating all calculated correction 
terms of Au relative to 235u. it includes corrections for self-shielding, multiple 
scattering, extrapolation to zero bias and summing in the scintillators. 
Assuming a 50Z error for each correction, the error on /i is 3.3Z. The term in 
square brackets, which should be independent of neutron energy, was calculated 
in 2 keV intervals from 6 to 32 keV using the o (Au) values from ENDF/B-V, and 
its average value was taken. Since it is believed that in this way most of the 
uncertainty due to the strong cross section fluctuations is eliminated, a 4Z 
uncertainty equal to that estimated ^) above 100 keV is assumed for o (Au). 
Finally, the error due to the weighting method is estimated to be 3%. The total 
error of the normalization, obtained by quadratic composition, is then 6Z. 

IV.B. Fission normalization. An independent measurement oi a^ from a few eV up 
to 100 keV was performed in a separate run using the multi-plate fission chamber 
in conjunction with a °Li-glass run. The data were normalized to the ENDF/B-V 
value '0) of the low energy fission integral li'o^ • 241.2 b.eV after correcting 
for a 2Z self-shielding effect. With such normalization , we get a value of the 
other fission integral 1^*0 keV , 1.1891-10^ b.eV, in excellent agreement 
with the ENDF/B-V average: 1.^924 x 1©^. In fact, over the whole range, our 
average Of values fall within ± 2.5Z of the ENDF/B-V values. The error 
associated with a^, mainly due to flux uncertainty, is estimated as 1% at 1 keV 
and 3Z at 100 keV with logarithmic interpolation in between. 

IV.C. Normalization of alpha. 1) The constant Kf was derived from the known 
values of Of, Cf and * by averaging in the zone from 2 to 30 keV. The normalization 
constant for a could then be calculated and it was found that K = K /K-= 0.876. 
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Neglecting the uncertainty on Of, the error of such a normalization is taken as 
equal to that of (T~, i.e. 6%. 
2) Alpha was also normalized to the thermal value a = 0.169, using the same run 
employed to determine the efficiency e of the F.C The value obtained was 
K = 0.895. The error of K depends in this case on the uncertainties in e and 
the background which are estimated to be 1% and 2% respectively. These errors 
produce a relative uncertainty in K of 6.4% and 3.9%, respectively. Combining 
them quadratically, we get a total error of 7.5%. 
3) Finally, K could be determined also in the resonance region by comparing 
the values or C»,/Cf in some rather isolated resonances to the ratios ^y/^f 
These data are listed in Table II.: the errors given for Gy/Cf include statistics 
and background uncertainties. The resonance parameters used were evaluated by 
Smith and Young " ) , for ENDF/B-III and are still included in Version V. 
The value of K was calculated for six resonances, its average and standard 
deviation being K" = 0.866 ± 0.037. The error associated to Ae/e = 1% is in this 
case only 2.1% so that the total relative error is 4.8%. 

IV.D. Summary. We have three different a normalizations all lying within 3.3%, 
i.e. in excellent agreement. We discard the third normalization because the 
resonance parameters used cannot be regarded as standard since they widely differ 
from one evaluation to the other. Then we take as a final value of K the 
average of the first two: K = 0.885 ± 0^042. The final data averaged over given 
intervals are listed in Table III: the o^ values were taken directly from the 
run described in IV.B., the a. values were independently calculated using the 
K value given above,while o was simply derived from the product of o^ and a. 
Although Oy could be directly obtained from IV.A., it was felt that the adopted 
procedure gives the most consistent and accurate set of data. The given errors 
for Oy and a include the uncertainty in background and F.C efficiency plus, in 
the case of a , a 1 to 3% flux uncertainty.The normalization error is not included. 

V. Conclusion 

2) 
The present a data are compared to those of Muradyan et al. and 

Gwin et al. -̂^ in Fig. 3: though falling in between the two previous data sets, 
they are nearer to the russian values, being on average 10% lower than Gwin's 
data. However, on the high energy side, the present data and those of Gwin agree 
very well. 
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Discussion 

QUESTION: S. Mughabghab 
I am surprised that you adopted the Au capture cross section as a standard 
in the energy range 6-32 keV because of the presence of structure in the 
cross section as indicated in Macklin's data. It is precisely for this 
reason that the capture cross section of Au was not emphasized as a standard 
below 100 keV excluding, of course, the thermal region. Which Au capture 
cross sections did you use? 

ANSWER: F. Corvi 
I used the ENDF/B-V values which are given point-wise above 5 keV. I think 
these data are mainly based on the old Macklin measurements. As far as 
fluctuations are concerned, may I suggest that future experimenters working 
with white neutron sources give, besides point values, also cross sections 
averaged in decade energy intervals, as it is above for ^^^U fission. This 
could substantially improve the accuracy of the data in the "fluctuation" 
region. 

I would like to make a point. People often say you can't use this Au 
cross section as a standard because of the fluctuations. But if you take 
averages and if you have accurately determined the neutron flux, you can get 
these averages rather accurately. It would be good to make comparisons in 
order to define systematic problems. 

COMMENT: W. Poenitz 
I strongly support this statement. 
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REVIEW OF FAST-NEUTRON CAPTURE CROSS SECTIONS OF THE 
HIGHER PLUTONIUM ISOTOPES AND Am-241* 

by 

L. W. Weston 
Oak Ridye National Laboratory 
Oak Ridge, Tennessee 37830 

Abstract 

The fast-neutron capture cross sections of Pu-240, 241, 
242 and Am-241 are reviewed. These nuclides are im
portant to core physics of reactors that contain Pu-239. 
There have been several s igni f icant measurements of these 
cross sections in recent years. These measurements were 
instigated by the need for these cross sections for re
actor calculations involving high burn-up and build-up 
of the higher actinides. These recent measurements have 
sat is f ied the urgent need for these cross sections in the 
context of the accuracy needed relat ive to those of the 
major f i s s i l e isotopes. Problems that exist in the exper
imental measurements and thei r evaluation are discussed. 

I . Introduction 

In recent years there has been emphasis on improved measurement and eval-
uation^'^'3 of the capture cross sections of the higher plutonium isotopes 
and Am-241. This emphasis was brought about because of the production of 
these nuclides in both thermal and fast reactors. Reactor core physics as 
well as waste management planning are affected by these nuclides. Core phy
sics at high burn-up is affected by the build-up of these actinides. The 
build-up of Pu-240,242 and Am-241 brings about parasit ic neutron loss because 
these nuclides have re lat ive ly low f iss ion cross sections. The Pu-241 has a 
high f iss ion cross section and tends to compensate for the neutron loss to the 
other nuclides.** Waste management is affected because these nuclides are the 
paths to the buildup of the even higher mass actinides which have high rates 
of spontaneous f i ss ion . 

There have been experimental measurements with LINACS as well as Van de 
Graaff accelerators as neutron sources for the capture cross sections of con
cern except for Pu-241 where there is only one LINAC measurement.^ The exper
imental measurements are in reasonable agreement and the i r evaluations are 
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converging towards consistency. The capture cross sections of these nuclides 
in the keV region of neutron energies is no longer a major problem. The fore
most problems^ in these nuclides are (1) the discrepancy between integral and 
d i f ferent ia l measurements of capture in the 1-eV resonance of Pu-240, and (2) 
the shape of the capture and f iss ion cross sections of Pu-241 in the thermal 
region of neutron energies. 

The status of fast neutron capture in Pu-240,241,242, and Am-241 w i l l be 
reviewed. The experimental and evaluation problems w i l l be discussed. Em
phasis w i l l be given to the remaining d i f f i c u l t i e s in the evaluation of these 
cross sections. 

I I . Pu-240 

Figure 1 i l lus t ra tes the three experimental measurements of the fast neu
tron capture cross section for Pu-240. The data are plotted on an expanded 
scale and multipl ied by the square root of the neutron energy so that the data 
can be compared in de ta i l . The three measurements on Pu-240 used quite d i f 
ferent techniques and they agree within the experimental uncertainties. 
Hockenbury, Moyer, and Block' used a large l iqu id s c i n t i l l a t o r tank to detect 
capture and f ission events and a LINAC as a neutron source. Weston and Todd^ 
used "total energy detectors" which are small l iqu id sc in t i l l a to rs with pulse-
height weighting to detect capture and f ission events and a LINAC as a neutron 
source. Wisshak and Kcippeler^ used Moxon-Rae detectors to detect capture and 
f ission events and a Van de Graaff accelerator as a neutron source. The 
Wisshak and Kclppeler data have been normalized downward by 3.4% from the pub
lished results in accordance with recent normalization calculations by Reffo 
el al .^° The Wisshak and K'flppeler data^ were measured relat ive to Au-197 with 
a calculated absolute efficiency ra t io . Part of the Wisshak and K'appeler data^ 
was averaged and not a l l of the data are presented in Fig. 1 . The ENDF/B-V 
evaluation of Au-197 capture,^^ which has structure in th is neutron energy 
region, was used to convert the data to capture cross sections, so the Wisshak 
and Kappeler data^ of Fig. 1 should only be considered as representative. The 
Hockenbury et a l . data were normalized to the i r total cross section measure
ment in the resonance region and the neutron f lux measured with a ^°B-NaI de
tector. The Weston and Todd data^ were normalized at thermal and at the 1-eV 
resonance and the flux was measured with a parallel plate BFa ion chamber. 

The evaluation of the fast capture data on Pu-240 presents the major 
challenge since the experimental measurements are in reasonable agreement. The 
ENDF/B-V evaluations^ -js also i l lus t ra ted in Fig. 1 . This evaluation gave 
most weight to the Weston and Todd data since these data were in agreement 
with the average resonance parameters from the resonance region and the data 
of Wisshak and Kappeler^ were preliminary at the time. The resolved resonance 
region extended to 3.9 keV and the shape from 1 to 3.9 keV was an attempt to 
reconcile the resonance parameters with the average capture cross section mea
surements. 

Table 1 gives the average resonance parameters evaluated by Weigmann et 
aU}^ and recent unpublished results by Gwin.^'* The average resonance param
eters of ENDF/B-V are essentially those of Weigmann et al.^3 The unpublished 
results of Gwin '̂̂  are from thick sample transmission measurements. The higher 
s-wave strength function of Gwin is in better agreement with the Weston and 
Todd^ and Hockenbury et al.'^ capture measurements in the 1- to 10-keV neutron 
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energy region (see the dotted line in Fig. 1), however, the difference is 
within the uncertainties of the capture measurements. 

An evaluation problem Is that the high measured values of the capture 
cross sections at around 30 keV are di f f icult to reproduce with the evaluated 
average resonance parameters from the resonance region and with the normal 
accepted assumptions. I t Is usually assumed In f i t t ing capture cross sec
tions that the radiation width divided by the spacing, <rY/D>, is the same 
for p-wave neutrons as for s-wave neutrons. The dotted line in Fig. 1 is a 
good representation of the experimental data, however, to achieve this f i t 
I t had to be assumed that < r / D > was ~20X higher for p-wave neutrons than for 
s-wave. The other parameters used were the s-wave strength function of Gwin 
and <r.-/DX and the p-wave strength function of Weigmann et a l . given in 
Table i . This calculation was done with the program, UR, by Pennington^^ 
which is frequently used in ENDF evaluations. Weigmann et al.^^ were able to 
achieve a somehwat better f i t to the Hockenbury et a l . data w1th<r /D> the 
same for s-wave and p-wave neutrons, which is not in agreement with the above 
f i t . 

There are theoretical reasons why the average radiation width, (.Ty)>, in 
particular could be higher by a few percent for p-wave neutrons than for s-
wave neutrons for the case of Pu-240;^^ however, there has been no clear case 
in the f i t t ing of capture cross sections for other nuclides where there was a 
significant difference. I t is unlikely that the evaluated s-wave \r.y/D> 
could be in error by ~20X because the experimental uncertainties from the 
determination of this quantity in the resonance region is much smaller {~4X).i3 
Because of the strong correlation in the f i t t ing procedure, <r /D>p could be 
reduced i f <r^/D> were increased, which was done by Hockenbury et a l . . ^ how
ever, this would cause a discrepancy with other data.^^'^** 

Both the Wisshak and ICdppeler̂  and the Weston and Todd® data are indi
cating a rapid decline in the capture cross section above 50 keV which would 
be due to competition with inelastic scattering from the f i rst 2+ level in 
Pu-240 at 42.8 keV. The ENDF/B-V evaluation did not properly take this effect 
into account. 

III . Pu-241 

There has been only one reported measurement of the differential fast 
capture cross section for Pu-241 by Weston and Todd.^ This was a measurement 
of the ratio of capture-to-fission in Pu-241 using "total energy detectors," 
fast neutron detectors and a LINAC as a neutron source. The data were norma
lized at thermal neutron energies. These results and the ENDF/B-V evalua
tion^^ are Illustrated in Fig. 2. Since the ENDF evaluation was based on 
these experimental data, the agreement yields no insight. The experimental 
data and evaluation are reasonable; however, i t is unfortunate that there is 
not an additional experimental measurement. The measurement of this cross 
section is di f f icult because of the relatively short beta decay hal f - l i fe of 
Pu-241 (14.8 y) leading to the build up of Am-241, and the associated gamma-
ray activity. 

Since Pu-241 has a large fission cross section and exhibits intermediate 
structure, describing the average capture cross section with average resonance 
parameters is complex. The available capture cross section data can be fitted 
with reasonable average resonance parameters as was done for ENDF/B-V as well 



358 

as other evaluations.^^'^^ Because the average capture data can be fit with 
reasonable resonance parameters, because capture is small compared to fission, 
and because of the experimental difficulty of this capture measurement, it is 
doubtful that an additional measurement will be undertaken. 

IV. Pu-242 

Figure 3 illustrates the two experimental measurements of the fast cap
ture cross section of Pu-242. The agreement of the Hockenbury et al .̂'̂  and 
the Wisshak and Kappeler data^'^^ is well within the experimental uncertain
ties. The ENDF evaluation's by F. Mann and others was based on the average 
resonance parameters from the resonance region and the measurements shown in 
Fig. 3. Other evaluations have described the experimental data quite well.'' 
Since there is consistency between the experimental measurements of the cap
ture cross sections and with the average resonance parameters of Pu-242, 
there appears to be no outstanding problems in the fast capture cross section 
of Pu-242. 

V. Am-241 

The experimental measurements and the ENDF evaluation for fast neutron 
capture by Am-241 are i l lus t ra ted in Fig. 4. The experimental measurements 
are in agreement within experimental uncertainties, however, the Wisshak and 
Kappeler measurements'^ and the Gayther and Thomas measurements'** have a 
higher average cross section than the Weston and Todd measurements.'^ The 
Gayther and Thomas measurements"* have a preliminary normalization to the 
Weston and Todd measurements'^ between 1 and 2 keV. An additional measurement 
has been reported by Cornells et al ,,^'° however, the results were not ava i l 
able to the author at the present time. 

The Gayther and Thomas measurements^"* used a large l iqu id s c i n t i l l a t o r 
tank to detect capture, a Li-glass sc in t i l l a t o r at <30 keV and a U-235 f i s 
sion detector at >30 keV to measure the shape of the neutron f lux, and a 
LINAC as a neutron source. The normalization is preliminary. The Wisshak 
and Kappeler measurements^s used the same techniques as discussed for the i r 
Pu-240 measurements. Their data shown in Fig. 4 have been normalized down
ward by 2.7% as suggested by Reffo et al-.^o in a normalization calculation 
to be published. All of the Wisshak and KSfppeler data is not shown in Fig. 4 
and part of thei r data are averaged so that the plot should be regarded as 
only indicative of the data. Also the ENDF/B-V Au-197 capture evaluation's 
which has structure in this neutron energy region was used to convert the 
rat io data to the capture cross section of Am-241. 

The ENDF evaluation'^ by F. M. Mann et a l . was based on the average reso
nance parameters from the resolved resonance region and the Weston and Todd'^ 
measurements. The other measurements were not complete at the time of the 
ENDF evaluation. I t has been shown by Derrien et al . ' ^ that the higher aver
age capture cross section indicated by the other measurements can be repro
duced by evaluated average resonance parameters from the resonance region and 
a reasonable p-wave strength function (2.54 x 10"**). 

Recent unpublished results by Anderl, Schroeder, and Harker'^ concerning 
an integral capture measurement in CFRMF, which has a peak sens i t iv i ty at 
about 300 keV, indicate that the CFRMF spectrum-averaged Am-241 capture is 
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about 16% higher than that indicated by the ENDF evaluation. As can be seen 
in Fig. 4 the results of Gayther and Thomas'** would be quite consistent with 
these results which would also be within the experimental uncertainties of 
the Weston and Todd measurements.'^ The recent results of Anderl, Schroeder, 
and Harker,''^ thus, represent no discrepancy with the previously measured 
results. 

For reactor physics. I t is important whether Am-241 capture leads to the 
ground state of Am-242 or the excited state, Am-242m. The ground state has a 
h a l f - l i f e for beta decay to Cm-242 of only 16 hours whereas Am-242m has a half 
l i f e of 152 years. There are recent measurements and theoretical calculations 
of the ra t io of the excited state to ground state cross sections by Wisshak, 
Wickenhauser, and Kappeler.^° These theoretical calculations and those by 
Mann and Schenter-*' ^pg within experimental uncertainties, however, the experi
mental measu rement^'' indicates an appreciably stronger decline in the ra t io 
between thermal and ~30-keV neutron energies. 

The fast neutron capture cross section of Am-241 is reasonably well known 
in the context of the uncertainty weighted by the occurrence in fuel elements 
as compared to the capture cross sections of U-235 and Pu-239. The agreement 
of the experimental data is marginally within experimental uncertainties and 
the ENDF/B-V evaluation probably needs revision. These d i f f i c u l t i e s probably 
do not require additional experimental measurements; especially not unt i l the 
time that the Cornells et a l . ' ^ measurements are available and evaluated. 

VI . Conclusions 

The status of fast neutron capture measurements for Pu-240,241,242, and 
Am-241 has been reviewed. There appear to be no outstanding discrepancies 
to warrant a strong recommendation for additional measurements at this time 
unless an appreciably more accurate experimental technique is developed. I f 
such a technique is developed, i t should be f i r s t applied to Pu-239 rather 
than the higher A nuclides. 

The basis of the above statement is that for reactor applications the 
important quantity is the concentration of a part icular nuclide mult ipl ied by 
the cross section. Plutonium concentrations^' for end-of- l i fe fuel elements 
from l i gh t water reactors are about 59% Pu-239, 26% Pu-240, 12% Pu-241, and 3% 
Pu-242. The concentrations of the higher Pu isotopes would be less for fast 
reactor fuel elements. Thus, the fast neutron capture cross seciton of Pu-239 
needs to be known with an uncertainty of at least a factor of 2.3 less than 
that for Pu-240, a factor of 5 less than that for Pu-241 (or Am-241), and a 
factor of 20 less than that for Pu-242. The uncertainty of the fast capture 
cross section for Pu-239 does not meet the above c r i t e r i a so that on a re la
t ive basis the capture cross sections of the higher Pu isotopes and Am-241 
are su f f i c ien t ly well known at the present time. 

The ENDF/B-V evaluations are not very consistent with the presently 
available data for Pu-240 and Am-241, however, this is an evaluation rather 
than an experimental measurement problem. Thus the status of the fast cap
ture cross sections of the higher actinides of concern which are important to 
core physics as well as waste disposal, which were in alarmingly poor condi
t ion a decade ago, are now reasonably well known as compared to the cross 
sections of the major f i s s i l e nuclei . 
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Table 1. Average Resonance Parameters for Pu-24Q 

r°/D _ rVD 
D (eV) r (̂meV) " 

(xlO"**) (xlO"**) 

Weigmann et al.^^ I.QA * ° | j ^ 12.7 ± 0.3 30.8 ± 1 2.2 t 0.2 

Gwin et a l . "̂̂  1.20 10.04 2.2 10.11 
• 



2 0 0 

cr 150 CJ 

> 

l^ 

b" 

I I I 1 1 I I 
240, 

T 1 ^ I I I I 1 i | 

'Pu CAPTURE 
ENDF/B Y 

• • WISSHAK AND KAPPELER 
o WESTON AND TODD 
^ HOCKENBURY, MOYER, AND BLOCK 

— - AVERAGE RESONANCE,PARAMETER CALCULATION." 
SEE TEXT 

100 

•1 n\.i 

10' 

u> 

NEUTRON ENERGY (keV) 
F ig . 1 . The neutron capture cross section of Pu-240 mu l t i p l i ed by the square root 

of the neutron energy in the neutron energy range from 1 to 300 keV. The experimental 
data as well as the ENDF/B-V evaluation are i l l u s t r a t e d . 



2 0 0 

C\i 

> 

^ 

b" 

150 

100 

50 

0 
10' 

1 1—I M I I I I 

'^X 

I I I I I I I 1 1 
A 

1 \ 1 I I M l| 

'̂̂ ^Pu CAPTURE 

- ENDF/B Y 

• WESTON AND TODD 

\ 

as 

I I I I I I 11 

5 10' 2 5 
NEUTRON ENERGY (keV) 

10' 

F ig . 2. The neutron capture cross section of Pu-241 mu l t i p l i ed by the square root 
of the neutron energy in the neutron energy range f ran 1 to 300 keV. The experimental 
data as well as the ENDF/B-V evaluation are i l l u s t r a t e d . 



150 

_ 125 
CM 

> 
<1> 
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Discussion 

QUESTION: S. Whetstone 
How will your conclusion number one get fed Into the system? 

ANSWER: L. Weston 
The comment that there are no outstanding discrepancies to warrant a strong 
recommendation for additional measurements was made to give guidance to the 
working groups at this meeting. 

QUESTION: R. Schenter 
In the ENDF/B-V evaluation for '̂̂ Âm a nuclear-model calculation was used 
with a value of Ty/D picked to agree with the Weston et al. measurement. 
Would you recommend Fy/D be readjusted to be consistent with your new 
recommended cross section or would you change the p-wave strength function? 

ANSWER: L. Weston 
For an evaluation of the capture cross section of Am-241, I would raise both 
(ry/D)p and T̂ /̂D to better agree with the average of the experimental 
data. There are theoretical reasons why (ry/D)p may be larger than for 
s-waves by a few percent so this quantity could be raised by a few percent 
and then Tĵ /D could be raised to make up the difference. 

COMMENT: R. Schenter 
Recent FFTF measurements of the neutron source strength imply that if the 
ENDF/B-V capture cross section was raised ~ 10-15% better agreement (this 
assumes the branching Am̂ '*̂ ™/Am̂ '*̂ ^ is correct) would be obtained 
between measurement and calculation. The FFTF result depends upon a broad 
spectrum response (1 keV-260 keV) with a peak at ~ 50 keV. 
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ACTINIDE INTEGRAL MEASUREMENT!, IN THE CFRMF 

AND INTEGRAL TESTS FUR ENDF/B-V* 

by 

R. A. Anderl, Y. D. Harker, J W Rogers 
EG&G Idaho, Inc. 

Idaho National Engineering Laboratory 
Idaho Falls, Idaho 83415 

Abstract 

Integral capture and/or fission rates have been 
reported earlier for several actinides irradiated 
in the fast neutron field of the Coupled Fast 
Reactivity Keasurements Facility (CFRMF). These 
nuclides include 232Th, 233U, 235U, 238U, 237Np^ 

235pu, 2-Opu^ 2'*2pû  24iAni and -'•3Am. This paper 
focuses on the utilization of these integral data 
for testing the respective cross sections on 
ENDF/B-V. Integral cross sections derived from 
the measured reaction rates are tabulated. Re
sults are presented for cross-section data testing 
which includes Integral testing based on a com
parison of calculated and measured integral cross 
sections and testing based on least-squares-adjust
ment analyses. 

I. Introduction 

Integral reaction rates have been measured for several actinides 
irradiated in the fast neutron field of the Coupled Fast Reactivity Measure
ments Facility (CFRMF)^'2. The purpose of this paper is to summarize this 
integral data base and to present the results of using these integral data 
to test the respective cross sections on ENDF/B-V. The impact of this work 
on the radiative neutron capture reactions is highlighted. Section II of 
this paper includes a brief description of the CFRMF, an identification of 
the types of integral measurements and a tabulation of integral cross sections 
derived from the measured reaction rates. The utilization of the measured 
integral data for testing the respective cross sections on ENDF/B-V is covered 
in Section III. Both conventional integral testing based on a comparison of 

* Work supported by the US Department of Energy under DOE contract No. 
DE-AC07-76ID01570. 
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calculated-to-measured in tegra l cross sections and t es t i ng based on l eas t -
squares-adjustment analyses are used to assess the consistency between the 
measured in tegra l data and the evaluated cross sect ions. Conclusions drawn 
from t h i s work are presented i n Section IV. 

I I . In tegra l Data Base 

The i r r a d i a t i o n f a c i l i t y f o r the ac t in ide in tegra l measurements is the 
CFRMF '̂2 which is a zoned-core c r i t i c a l assembly w i th a f as t neutron spec
trum zone in the center of an enriched 235u^ water moderated thermal d r i v e r . 
Approximately 95% of the neutrons in the central spectrum are between 4 keV 
and 4 MeV and the median and mean neutron energies are 370 keV and 1760 keV, 
respect ive ly . The central neutron spectrum is a Cross-Section Evaluat ion 
Working Group (CSEWG) benchmark f i e l d f o r t e s t i n g dosimetry, f i ss ion-produc t 
and act in ide cross sections f o r ENDF/B-V. An update of the CFRMF centra l 
neutron spectrum character iza t ion has been reported recen t l y^ ' ' * . 

A var ie ty of techniques have been used f o r the in tegra l nieasurements. 
Fission rates based on absolute f i s s i o n chamber (FC) measurements have been 
reported by Grundl e t . a l^ f o r ^ ^ ^ U , ^^^U , ^^"^Hp and ^^^Pu. Measurements 
of the f i s s i o n rates of 232jh^ 233u g^ ĵj 2i+opLi r e l a t i v e t o the f i s s i o n ra te 
of ^^^U have been reported by G i l l i am and Rogers^. These l a t t e r experiments 
employed the NBS double f i s s i o n chamber (DFC). The gamma spectrometr ic 
method^ was used in the determination of the f i s s i o n rates f o r 232Th, 2i+2Pu, 
^"^^m and 2^3/\pf] based on absolute measurements of the gamma emission rates 
of the prominent l ines i n the ^'*°Ba-^'^°La decay^' ^ ' ^ ° . With the exception 
of the capture rate f o r ^^lAm which was determined using i s o t o p e - d i l u t i o n -
alpha spectrometry (IDAS)^°, the capture rates f o r ^^^Jh, ^ssy^ 2i+2pu g îd 
"̂̂ ^Am are based on gamma spectrometric measurements ^ ' •^° . Many of the 

measurements were made as part of the In te r labora to ry Reaction Rate (ILRR) 
Program M 

Spectrum-averaged cross sections were derived by d i v i d i ng the measured 
integral react ion rates by absolute neutron f luxes which were determined 
fo r each measurement. The neutron f l u x determinations are based on the use 
of the "•^Au(n,Y) ^^^Au react ion as a power level monitor and on an independent 
determination of the neutron f l u x f o r one power l e v e l . The independent ab
solute f l u x value is based on a f l u x t ransfer^^ using measured f i s s i o n rates 
f o r 233pu i n the CFRMF and i n the National Bureau of Standards (NBS) ^^^^f 
standard f i e l d and on a measured in tegra l cross sect ion f o r ^^'^Puln f) i n 
the 252cf f i e l d .̂ 

A tabu la t ion of the "measured" in tegra l cross sections is given i n 
column 4 of Table 1 . The value i n parenthesis is the estimate of the t o t a l 
percent error i n the in tegra l cross sec t ion , at the one sigma confidence 
l e v e l . Columns 2 and 3 provide necessary i d e n t i f i c a t i o n of the experiment 
type and the reference f o r the in tegra l reac t ion - ra te measurements. 

I I I . Cross-Section Data Test ing 

Integral tes ts of the evaluated capture and f i s s i o n cross sections were 
made by comparing the "measured" in tegra l cross sections t o in tegra l cross 
sections computed using 620-group representations of the CFRMF centra l spec-
t rumi3 and of the d i f f e r e n t i a l data on ENUF/B-V. The ca lcu lated in tegra l 
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cross sections and the ratios of calculated-to-measured integral cross 
section are l i s ted in columns 5 and 6, respectively, of Table 1. Two un
certainty values, expressed as percent, are l is ted in parenthesis for the 
calculated integral cross sections. The f i r s t corresponds to the error in 
the calculated integral cross section due to spectrum uncertainties'* only. 
The second uncertainty contr ibut ion, wherever i t is given, corresponds to 
the error in the calculated Integral cross section due to cross-section 
uncertainties as processed from the ENDF/B-V uncertainty f i l e s . One un
certainty value, expressed as percent, is given for each C/M ra t i o . That 
value corresponds to the quadrature sum of the error in the "measured" 
integral cross section and the error in the calculated integral cross 
section due to spectrum error contributions only. 

For the radiat ive capture reactions, the integral test analysis i n 
dicates an inconsistency between the measured integral data and the ENDF/B-V 
evaluated cross sections for 232Th, ^^^Pu, 2'*iAni and 2'*3Ani. The integral 
test indicates that the ENDF/B-V capture cross section for 2 38y ,5 con
sistent with the measured Integral data. Column 7 in Table 1 l i s t s the 
ra t io of the integral cross section computed with ENDF/B-V d i f fe rent ia l 
data to that computed with ENDF/B-IV d i f fe rent ia l data. This information 
indicates how the changes made to the capture cross section in going from 
ENDF/B-IV to ENDF/B-V impact the consistency tes t . The last two columns 
in Table 1 provide a qual i tat ive indication of the response range for 
each reaction in the CFRMF spectrum. Response plots as a function of 
energy are given in Reference 14 for these reactions. 

Least-squares-adjustment analyses were made with the FERRET code^^. 
The adjustment analysis was made in a 53-group eneryy structure and i t i n 
cluded the following input data: (1) 23 dosimeter integral reaction rates^, 
(2) six integral reaction rates for capture and f iss ion in •^^^Pu^ "̂̂ ^Am, 
^'*^Am, (3) CFRMF spectrum and associated covariance matrix, (4) cross sections 
processed with CFRMF spectrum weighting from ENDF/B-V for a l l reactions, and 
(4) covariance matrices for a l l reactions. The measured integral data were 
assumed to have zero correlat ion in the analyses. Covariance matrices for 
the dosimeter reactions were a mixture of matrices processed d i rect ly from 
the ENDF/B-V covariance f i l e s and matrices generated by F. Schmittroth to 
improve upon the ENDF/B-V prescriptions^^. Covariance matrices for the 
actinide reactions were generated by using a gaussian-type parametric fonn 
to describe the short-range correlations between the group wise uncertainties 
as obtained from ENDF/B-V and adding an additional normalization uncertainty 
in the unresolved and smooth energy ranges. This approach was used because 
of the l imi tat ions of the error f i l e s on ENDF/B-V (no error f i l e s for 2'»3Am, 
missing error and correlat ion information for some energy regions for 2'+iAm 
and 2'»2pu^ block-type correlat ion specif icat ions.) The^'*^Am uncertainty 
information on ENDF/B-V was used for 2'*3Atii, however, the normalization 
component was doubled from 15% for 2'»iAm to 30% for 2'«3Am. 

Preliminary results of the least-squares-analy?is are i l l us t ra ted in 
Figures 1-3 for the ^^2Th, 2'»iAm and ^^^^^\ radiat ive capture cross sections. 
The upper part of each f igure shows a direct comparison of the 53-group cross 
sections over the neutron energy ranges in which the CFRMF spectrum is sen
s i t i v e . The bottom part of each f igure shows the rat io of adjusted-to-un
adjusted cross sections for the analysis. These figures indicate the energy 
range and the magnitude of the adjustments required to achieve consistency 
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between the measured in tegra l data and the evaluated cross sect ions. For 
2'+2pu(n,Y), the input covariance spec i f i ca t i on was too t i g h t t o permit 
s u f f i c i e n t cross-sect ion adjustment to achieve consistency between the 
measured in tegra l data and the adjusted cross sec t ion . 

IV. Conclusions 

In t h i s paper we have summarized the ac t in ide capture and f i s s i o n 
in tegra l data base f o r measurements in the fas t neutron f i e l d of the CFRMF. 
An in tegra l t es t i ng analysis in which the "measured" in tegra l cross sect ions 
were compared to in tegra l cross sections ca lcu lated w i th ENDF/B-V d i f f e r 
en t ia l data indicated that f o r the fas t neutron rad ia t i ve capture cross 
sections f o r ^^^Jh, 2'+2pu, 21+iAm and 2'+3Am, the measured in tegra l data are 
inconsistent wi th the evaluated cross sect ions. This same analysis ind icated 
consistency between the measured in tegra l data and the ENDF/B-V capture cross 
sect ion f o r ^^^U. A least-squares-adjustment analysis ind icated tha t the 
fo l low ing cross-sect ion adjustments are required to resolve the d iscrep
ancies between the measured in tegra l data and the ENDF/B-V capture eva l 
uat ions: 232jh(f^^y)^ ^ 50/ ^0 iQô  jjp (] î gv ^Q 17 jvjeV); 24iAm(n,Y), ~ 30% up 
(0.1 keV to 17 MeV), 2'+3Am(n,Y) ~ 44% up (0.1 keV to 17 MeV). This assess
ment fo r 232i-|^ -J5 consistent wi th a recent measurement at 23-keV neutron 
energy by Baldwin and Knoll-'•^. The above assessment f o r the '̂*^Am and ^^^Am 
capture reactions is contingent on an experimental v e r i f i c a t i o n of the neutron-
capture branching f r a c t i o n data used i n the analysis of the in tegra l exper
iments^®. However, the assessment of the ^'*Mm and '̂̂ ^Am ENDF/B-V capture 
cross sections is consistent wi th other informat ion presented at t h i s meet
ing ' ^ ° . Although the present work indicated a s i g n i f i c a n t discrepancy 
between the measured in tegra l data and the ENDF/B-V capture cross sect ion 

' " " P u , addi t ional work is required to resolve questions concerning the 
y of the measured in tegra l data . 

for 2̂ 2 

accuracy of the measured integ 
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Table 1 . Summary of In tegra l Measurements and In tegra l Test Results 
f o r Ac t in ide Reactions i n the CFRMF 

Reac t i on 

^ ^ ^ T h ( n , f ) 

(n .Y ) 

^ ^ ^ U ( n , f ) 

2 ^ % ( n , f ) 

(n ,Y ) 

^ ^ ^ N p ( n , f ) 

^ ^ ^ P u ( n , f ) 

P u ( n , f ) 

242^ / fs P u ( n , f ) 

(n .Y) 

^ ^^Am(n , f ) 

(n .Y) 

^ ^^Am(n , f ) 

(n .Y) 

Exper iment 
Type 

Y-Spec 

Y-Spec 

FC 

FC 

Y-Spec 

FC 

FC 

DFC 

Y-Spec 

Y-Spec 

Y-Spec 

IDAS 

Y-Spec 

Y-Spec 

Reference 

8 

8 

5 

5 

7 

5 

5 

6 

8 

8 

9 

9 

9 

9 

Integr^al C 
Measured 

1 9 . 6 ( 5 . 2 ) 

2 9 0 . 8 ( 3 . 8 ) 

1 5 3 8 . ( 3 . 1 ) 

7 5 . 1 ( 3 . 3 ) 

2 1 7 . ( 3 . 7 ) 

5 4 8 . ( 3 . 3 ) 

1 7 9 2 . ( 2 . 2 ) 

5 7 3 . ( 3 . 8 ) 

557 . (10 ) 

146 . (15 ) 

4 5 0 . ( 6 . 2 ) 

1 5 5 0 . ( 3 . 5 ) 

3 5 3 . ( 6 . 1 ) 

8 9 5 . ( 4 . 8 ) 

ross Sec t i on (mb) 
C a l c u l a t e d 

1 9 . 1 4 ( 7 . 5 , 5 ) 

2 5 2 . 0 ( 1 . 5 , 1 1 ) 

1 5 5 2 . ( 0 . 5 . 2 ) 

7 9 . 5 9 ( 7 . 4 , 4 ) 

2 1 6 . 8 ( 1 . 6 , 5 ) 

6 0 6 . 1 ( 3 . 6 , 1 0 ) 

1 7 7 3 . ( 0 . 2 , 2 ) 

6 2 3 . 4 ( 6 , - ) 

4 7 7 . 1 ( 6 , - ) 

2 6 6 . 1 ( 2 , - ) 

5 2 6 . 4 ( 6 , - ) 

1 0 9 8 . ( 2 , - ) 

4 1 9 . 8 ( 6 , - ) 

5 8 3 . 6 ( 2 , - ) 

C/M 

0 .98 (9 ) 

0 . 8 7 ( 4 . 1 ) 

1 .01 (3 .1 ) 

1 .06(8) 

1 .00(4) 

1 .11(5) 

0 . 9 9 ( 2 . 2 ) 

1 .08(7) 

0 .86 (12 ) 

1 .82(15) 

1 .17(9) 

0 . 7 1 ( 4 ) 

1 .19(9) 

0 . 6 5 ( 5 ) 

V/ IV 

1.06 

0.91 

0.99 

1.00 

0.99 

1.01 

1.00 

1.01 

0.96 

1.18 

1.07 

1.69 

1.21 

1.30 

95% Response Range 
E|_(MeV) E^(MeV) 

1.2 8 .3 

6 .8 E-5 

2.2 E-4 

1.1 

8.7 E-5 

0.3 

2.4 E-4 

9.0 E-2 

0.3 

5.2 E-5 

0.3 

1.2 E-4 

0.4 

7.8 E-5 

1.6 

3.6 

7.8 

1.4 

5.8 

4 .1 

5.6 

5.9 

1.3 

6.2 

1.0 

6.6 

0.7 

U) 

*~ 

a. N i n t y - f i v e percent of the reac t ion response i n the CFRMF is between the lower energy, E. , and the 
upper energy E . 
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section uncertainties are indicated by upper and lower bounds 
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through the group mid-energy points. 
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Discussion 

QUESTION: L. Weston 
Did I understand correctly that the CFRMF results are normalized to the 
absolute fission cross section of Pu-239? This is of concern to me since, 
in my opinion, the ENDF/B-V fission cross section in this neutron energy 
region is too high by a few percent. 

ANSWER: R. Anderl 
The absolute flux determination for the CFRMF is based on the flux transfer 
method suggested by Grundl at NBS. This involves relating fission-rate 
measurements for ^^^Pu in CFRMF to fission-rate measurements for Pu in 
the NBS standard ^^^Cf field so it does depend on the ^^ P" fission cross 
section. The transfer involves using the ratio for the ^^ Pu(n,f) spectrum 
averaged cross section in CFRMF to that in the ^^^Cf field and an independent 
measurement of the integral cross section in the ^^^Cf field. The ratio is 
derived from calculated spectrum-averaged cross sections using ENDF/B-V 
data. Because of this fact, raising the cross section should not change the 
flux transfer. However, I would like to explore this further. 

QUESTION: R. Block 
Bob, you quote a C/M=0.87±ll% for ^^^Th capture. This seems to be just 
beyond standard deviation from unity. I cannot call this an 'outstanding' 
discrepancy. 

ANSWER: R. Anderl 
The 11% uncertainty was computed as the quadrature sxmi of the uncertainty in 
the measured integral quantity and an estimated uncertainty for the calculated 
integral quantity. The uncertainty in the measured integral quantity is 
~ 3.8%. The spectrum uncertainty contribution to the calculated integral 
quantity is ~ 1.5%. The remaining uncertainty component for the calculated 
integral is due to estimated uncertainty in the Th capture cross section 
as defined by ENDF/B-V. So the point is that ENDF/B-V has large uncertainties 
on the cross section over the energy response range in CFBIMF. If we neglect 
this component, the C/M uncertainty is ~ 4%. 

COMMENT: W. Poenitz 
I would like to make a comment, Th(n,Y) of ENDF/B-V has been derived by 
matching two different evaluations around 30-40 keV. About 50% of the 
capture in your spectrum falls below this energy and it is there where 
ENDF/B-V is lower than the very well agreeing data sets which I mentioned in 
my talk. Thus, part of the problem would be solved by increasing ENDF in 
this low-energy range. Considering your uncertainty, the agreement would 
then be called good. 
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SOME ASPECTS OF THE EVALUATION OF 237Np, 238Pu AND 

24lAin CAPTURE CROSS-SECTIONS IN THE UNRESOLVED REGION 

H. DERRIEN 

CEN/CADARACHE - FRANCE 

- INTRODUCTION -

The 237Np, 238Pu and 24lAin neutron cross-sections 

have been evaluated in the energy range from 10 ev to 

14 Mev 1^,2,11. Optical model and statistical model codes 

have been used to calculate the cross-sections in the un

resolved region and at higher energy. The input parameters 

have been adjusted to reproduce the experimental data avai

lable in these energy ranges and particularly the capture 

cross-sections. The S Q and S. strength functions obtained 

from resonance parameter analysis or from experimental cap

ture cross-sections in the unresolved region have been com

pared to those deduced from the optical model calculations. 

In this paper, we present the different aspects of the eva

luation related to the use of the experimental capture da

ta as a basis in the determination of the statistical and 

optical model parameters. 

2'+l 
Am -

The average parameters obtained from the analy

sis of the experimental resonance data are shown in 

Table I. The S. strength function is not given in this 

table, since all the resonances seen in the experimental 

cross-sections are s-wave resonances. The p-wave strength 

function should be obtained from the analysis of the expe

rimental cross-sections in the unresolved region or from 

optical model parameters. A typical representation of the 

neutron cross-sections for a nucleus similar to 24lAm is 

given in table II in the energy range from 1 kev to 40 kev 

where the compound nucleus formation cross-section is main

ly due to the contribution of s-wave and p-wave neutrons ; 

the contribution of higher angular momenta is less than 

0.6%. In this example, the s-wave neutron capture contri-
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butes to 82% in the total compound cross-section at 1 kev 

and, then, is very sensitive to the S Q strength function 

at this energy. At 40 kev, the contribution to the capture 

is about 60% from s-wave neutrons and about 40% from 

p-wave neutrons. These figures show that it is possible 

to obtain or to check the SQ strength function from the 

capture data in the 1 kev region, and the S^ strength 

function by fitting the capture cross-sections in the 

energy range below 40 kev. However, the accuracy in the 

determination of S. is limited by the fact that the p-wave 

capture width is not known ; that is not too im

portant for 24lAm, since the increase of the p-wave cap

ture width by a factor of 2, results in an increase of 

only 6% of the total capture at 40 kev. 

Three sets of measured capture or absorption 

cross-sections - the difference between absorption and 

capture is very small at Low energy - are available in 

the unresolved region : absorption cross-sections from 

WESTON et al 161 in the energy range thermal to 380 kev, 

capture cross-sections from GAYTHER et al 111 between 

0.1 kev and 500 kev and from WISSHAK et al /8/ between 

10 kev and 220 kev. The WESTON and GAYTHER data are in 

good agreement below 10 kev and are well reproduced in 

the 1 kev region by the s-wave average parameters of 

table I. One can then conclude that the value 
-4 

SQ =(0.94 ± 0.09) x 10 gives a good representation 

of the total cross-section in the resonance region and 

of the capture cross-section at 1 kev. Above 10 kev 

WESTON data become lower than GAYTHER data and WISSHAK 

data, the difference being 20% at 40 kev. Fitting the 

GAYTHER and WISSHAK data leads to a S. strength func

tion of 2.54 X 10"^, when the fit to the WESTON data 

gives a value 1.82 x 10~ , with a capture width value 

of 43.8 mev for both s-wave and p-wave neutrons. Using 
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a p-wave capture width of twice the s-wave value - as 

suggested by E. FORT /3,5/ - should give a S. value only 

5% lower. Here, the lack of accuracy in the determination 

of S. is mainly due to the discrepancy among the available 

experimental data. 

Looking now to the optical model, a set of para

meters have been obtained by E. FORT /3,5/ by fitting the 

measured total cross-sections of PHILLIPS et al 191 in the 

energy range 0.45 Mev to 16 Mev (table III). These optical 

model parameters correspond to a S Q strength function of 

1.225 X 10 , leading to a capture cross-section of 12.8 

barns at 1 kev, which is about 25% larger than the expe

rimental values. At 40 kev, the calculated capture value 

is then equal to 2.20 barns in agreement with GAYTHER et 

al. and WISSAK et al. data, i.e. 20% higher than WESTON 

et al. data. On the other hand, using the same parameters 

as those obtained by LAGRANGE /IO/ for the even plutonium 
-4 

isotopes (table I V ) , one obtain a S Q value of 0.98 x 10 

and a good description of WESTON absorption in the energy 

range 1 kev to 40 kev. But at high energy, the fit to the 

PHILLIPS total cross-section is not as good : - 8 % at 

0.5 Mev, -1.6% at 1 Mev, +4% at 2 Mev and -0.5% at 5 Mev 

which, however, is not a too bad situation. If one adopts 

this solution for the description of the 24lAm neutron 

cross-sections, then the S^ strength function should be 
-4 

(1.80 ± 0.20) X 10 . Figure 1 shows the results of some 

calculations in the unresolved region. 

Considering now the integral data, the results 

of the measurements in RAPSODIE and PHENIX /16/ confirm 

the data of GAYTHER and WISSHAK. Therefore, the Cadarache 

evaluation /9,5/ has been performed according to the 

highest values. 
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237 NP 

As it is shown on table I, the average parameters 

obtained by analysing the resonance data are very similar 

to those of 241Am and the cross-sections calculated in the 

unresolved region should be very close to those shown in 

table II. The capture cross-section should exhibit the 

same sensitivity to the strength functions Sg and S^ 

between 1 kev and 40 kev. 

The absorption cross-section has been measured 

by WESTON et al. 711/ in the energy range from thermal re

gion to 500 kev and normalized to that obtained from the 

total cross-section measured at Saclay /12,1/. A statisti

cal model calculation using the parameters of table I gi

ves a value of 10.65 barns at 1 kev in excellent agreement 

with the experimental value of 10.70 barns obtained by ave

raging WESTON et al. data in the energy range 0.8 kev to 

1.2 kev. Below 40 kev, WESTON et al. data are well fitted 

by using in addition a S^ strength function value equal to 
— L. 

1.82 X 10~ , with a capture width of 40.0 mev for both 

s-wave and p-wave. 

There is no experimental total cross-section data 

available at high energy to check the validity of a set of 

optical model parametersfor 237Np. One must, at least, re

produce the strength functions obtained from the resonance 

parameters and from the absorption data. That has been done 

in our evaluation /I/. The parameters obtained, which are 

shown in table V, are still very similar to those used by 

LAGRANGE for the even Pu isotopes. They correspond to a S 
-4 

strength function value equal to 0.98 x 10 and a S. 
-4 

strength function value equal to 1.76 x 10 at 40 kev, 

i.e. very close to those obtained from a pure statistical 

model fit to the WESTON data. 

0 
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The figure 2 shows the calculated absorption 

cross-sections compared to WESTON et al. experimental data 

238 
PU 

This nucleus does not show the same features as 

24lAm or 237Np in the unresolved region. The capture cross-

section and the fission cross-section have the same order 

of magnitude in the low energy range and it is not possible 

to find an accurate value of the S. strength function by 

fitting only the capture cross-section in the energy range 

1 kev to 40 kev. The experimental data available below 

40 kev are mainly the total cross-section measured by 

YOUNG et al. /13/, and the fission and capture cross-sections 

measured by SILBERT et al. /14,15/. From the resonance para

meters published by these authors, one obtain the average 

parameters given in table I. The value of the S Q strength 

function is equal to 1.17 x 10 which is 24% higher than 

the value of 0.944 x 10~ obtained by LAGRANGE /IO/ from 

his optical model parameters. A better agreement is found 

by using the parameters given in table VI, corresponding 
-4 

at 1 kev to the strength functionsSn = 1.12 x 10 and 

-4 ° 
S^ = 1.97 X 10 111. 

One of the most severe difficulties encountered 

in the evaluation of 238Pu cross-sections is due to the 

capture cross-section. As it is shown on figure 3, it is 

impossible to represent the experimental capture data in 

the resonance region without using a large background of 

4 to 7 barns. This background is too important to be ex

plained by direct capture, negative resonances or other 

external effect. In our evaluation, we do not take it 

into account considering that it is due to some experi-
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mental effect. This effect should remain at higher energy 

in the unresolved region where its importance could be 

evaluated by performing a statistical model calculation 

of the cross-sections in this energy range. Such a cal

culation has been made using the parameters of table I, 

the S. strength function corresponding to the optical mo

del parameters of table VI and a fission barrier which 

reproduces the average experimental fission cross-sections 

between 1 kev and 40 kev. The results are shown in table 

VII. The correction to the SILBERT et al. capture data 

varies from 1.3 barns on average between 1 kev and 4 kev 

and 0.48 barns on average between 20 kev and 40 kev, 

which is more than 30% of the measured values. 

The results of our evaluation is confirmed by 

the integral capture measurements in PHENIX /16/. 
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Fig. 1 Experimental and calculated '̂*'Am capture cross-sections 

in the energy range 1 kev to 40 kev. 

WESTON et al. data 

GAYTHER et al. data 

WISSHAK et al. data 

Statistical model calculations with the parameters of 

Table I and S, = 1.80 x lO'" 

Statistical model calculations with the parameters of 

Table I and Sj = 2.54 x lO"' 

From optical model calculations with the parameters of 

Table III 
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Experimental and calculated "7,^p capture data in the 

energy range 1 kev to 100 kev. 

WESTON et al. data 

HOFFMANN et al. data 

Statiscal model calculations with the parameter of 

Table I and S, = 1.82 x IQ-^very similar to the results of 

the calculations using the optical model parameters of 
Table V ) 
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TABLE I - AVERAGE PM'.hMEJEHS OBTAINED FROM S-'/.AVES RESONANCE 
PARAMETERS ANALYSIS 

NUCLEUS 

237NP 

238PU 

Z-VIAM 

EFFECTIVE 
SCATTERING 
RADIUS(FM) 

9.54 

9.36 

9.40 

STRENGTH 
FUNCTION 

0.994»10-4 

1.170»10-4 

0.940«10-4 

LEVEL 
SPACING 
(EV) 

0.56 

7.70 

0.55 

CAPTURE 
WIDTH 

(mev) 

40.00 

34.00 

43.80 

TABLE II - TYPICAL CROSS-SECTION VALUES OF A NUCLEUS SIMILAR TO 
241AM IN THE ENERGY RANGE IKEV TO 40KEV (THE CROSS-SECTIONS 
ARE GIVEN IN BARNS) 

ENERGY 
. (KEV5 

1 

10 

40 

TOTAL 

23.45 

14.70 

.12.50 

COMPOUND 
CROSS-SECTIONS 

L=0 

12.81 

3.98 

1.97 

1 L=l 

1 0.21 

1 0.63 

1 1.16 

COMPOUND 
ELASTIC 

2.16 

1.43 

1.18 

TOTAL 
FISSION 

0.09 

0.02 

0.01 

TOTAL 
CAPTURE 

10.77 

3.16 

1.93 

TABLE III - OPTICAL MODEL PARAMETERS USED BY E.FORT (3) FOR 
PHILLIPS ET AL. (9) 241AM TOTAL CROSS-SECTIONS 

POTENTIAL I 
I 

DEPTH(MEV) 

REAL 
I 
I 47.0-03E 
I 
.1 

SURFACE I 2.7+0.4E FOR E <= lOMEV 
IMAGINARY | 6.7 FOR E >= lOMEV 

I 

REAL SPIN I 7.5 
ORGIT I 

RADIUS 
(FM) 

1.23 

1.26 

1.24 

DIFFUSENESS 
(FM) 

0.62 

0.58 

0.62 

DEFORMATION PARAMETERS : g. 0.220 B, = 0.036 
'̂ 1* 

THIS POTENTIAL IS EQUIVALENT TO THE FOLLOWING STRENGTH 
FUNCTIONS AT IKEV 

SO = 1.225<>10-4 
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TABLE IV - OPTICAL MODEL PARAMETERS USED CY LAGRANGE (»0) 
FOR PU ISOTOPES 

•Bes=s=s=sss: 
POTENTIAL I 

:=sssasES3S3a==rB=BB=cBS=e===33s=si 
OEPTH(HEV) 

REAL 
I 
I •T.S-OSE 
I 

SURFACE I 2.7»0.4E FOR E <= lOMEV 
IMAGINARY I 6.7 FOR E >= lOMEV 

REAL SPIN I 7.50 
OROIT I 

I 
saBSBSSEBS=a=xs=s: 

RADIUS 
(FM» 

1.24 

1.26 

1.24 

DIFFUSENESS 
(FM) 

0.62 

0.56 

0.62 

I OEFOPMATION PARAMETERS : Q^ = 0.216 gi. *= 0.089 II 

APPLlfO TO 241AM, THIS POTENTIEL CORRESPONDS TO THE FOLLOWING 
STRENGTH FUNCTlOrfiAT lOKEV 

50 = 0.960»10-4 
51 = 1.850»10-4 

TABLE V - OPTICAL MODEL PARAMETERS USED BY H.DERRIEN ET AL.(l) 
FOR 237NP. THEY ARC SIMILAR TO THOSE USED BY LAGRANGE 
(10) FOR PU ISOTOPES. 

ESSSSSZS 
POTENTIAL 

REAL 

SURFACE 
IMAGINARY 

REAL SPIN 
ORBIT 

DEPTH(MEV) 

4 7 . 5 7 - 0 3 E 

2 . 7 « 0 . 4 E FOR E <= 10I1EV 
6 . 7 FOR E >= lOMEV 

7.50 

RADIUS 
(FM) 

1.235 

1.235 

1.24 

DIFFUSENESS 
(FM) 

0.62 

0.62 

0.62 

DEFORMATION PARAMETERS : 6^ = 0.218 B" = 0.055 
s s r s s r K s s = s s s 3 s s s s s a a = ss = s s s s s r r s s s = = s = s s a s s B s s s B S 3 3 s s s s 3 s = : a s = 

THIS POTENTIAL CORRESPONDS TO THE FOLLOWING STRENGTH FUNCTIONS 
AT 40KEV 

50 « 0,980«10-4 
51 B 1.760*10-4 
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TABLE VI 
OPTICAL MODEL PARAIlETF.HS USED BY H.DERRIEN ET AL.Cn) 
FOR 23ePU CROSS-SF.CTIOMS 

POTENTIAL I 
I 

__l. 
I 

DEPTH(MEV) 

REAL I 47.20-03E 
I 
.1. 

SURFACE I 2.7t0.4E FOR E <= lOMEV 
IMAGINARY I 6.7 FOR E >= lOMEV 

I 

I 
REAL SPIN I 7.50 

ORBIT I 
I 

RADIUS 
(FM) 

1.244 

1.280 

1.240 

DIFFUSENESS 
(FM) 

0,62 

0.58 

0.62 

DEFORMATION PARAMETERS : ̂ 2 = 0.2l6 3t = 0.089 

THE CORRESPONDING STRENGTH FUNCTIONS AKE THE FOLLOWING AT 1 KEV 
50 = 1.120*10-4 
51 = 1.970«10-4 

TABLE VII 

ENERGY 
(KEV) 

0.050- 0.300 

0.060- 1.000 

1.00 - 4.00 

4.00 -10.00 

10.00 -20.00 

20.00 -40.00 

AVERAGE 
FISSION (EXP.) 
REF.(14)1(15) 

3.98 

1.22 

0.98 

0.752 

0.Q03 

AVERAGE 
CAPTURE (EXP.) 
REF.(14).(15) 

23.43 

12.11 

3.97 

2.25 

- 1.744 

1.152 

AVERAGE 
CAPTURE (CALC.) 

18.80 

7.75 

2.67 

1.35 

0.950 

0.675 

(1) 

(2) 

(2) 

(2) 

(2) 

(2) 

DIFFERENCE 
CAPTURE 

4.62 

4.86 

1.30 

0.90 

0.79 

0.48 

(1) CALCULATED FROM RESONANCE PARAMETERS 
(2) STATISTICAL MODEL CALCULATIONS COHERENT WITH THE AVERAGE 

EXPERIMENTAL FISSION VALUES 



393 

Discussion 

QUESTION: E. Henapace 
<rY> values, for 8- and p- waves are equal In your evaluation of ^^^Np. 
Is that a consequence of model calculations or a pure assumption? Concerning 
the deformation parameters 62 "̂<̂  ̂ 4 ^" ̂ ^ calculations for the same 
nucleus, are they obtained according to the quadrupole moment or simply 
adjusted for reproducing the estimated strength-function values? 

ANSUER: H. Derrien 
A good fit to the WESTON et al. absorption data is obtained by using the same 
<rY> values for s and p waves. It Is not a consequence of model calculation. 
The deformation parameters 02 ^^^ ^4 have been adjusted with view of 
reproducing the values of the strength functions. However, the 02 ^^^ 
very similar to those used by LAGRANGE; only 34 can be very different. 
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THE STATUS OF STRUCTURAL MATERIAL DATA IN THE 

RESOLVED RESONANCE REGION 

by 

G. Rohr 
CEC-JRC, Geel Establishment 

Central Bureau for Nuclear Measurements, B-2440 Geel, Belgium 

Abstract 

This review is mainly concerned with the accuracy 
aspect of neutron capture data for structural 
materials. As examples data sets of Fe, Fe 
and '"'Fe will be compared critically. The results 
of the investigation of the CeDe detector performed 
at CBNM will be used to study the deviations in the 
different data sets. Recommendations to reduce the 
uncertainty of capture data and to improve the 
capture detectors using the weighting method will 
be given. 

I. Introduction 

Many high resolution neutron capture cross section measurements of 
structural materials (S.M.) have been performed over the last 15 years. 
In total there are now five resonance data sets available for the most 
important S.M., i.e. the main iron isotopes. The capture areas (g T F /F) 
are still not accurately known. The discrepancies are typically 20% even 
for well isolated resonances and exceed 50% for broad s-wave resonances. 

At the last specialists meeting on S.M. in Geel /!/ the neutron sensi
tivity of capture detectors has been made mainly responsible for the large 
deviation obtained in resonances with F > F . In the meantime a substan-
tial effort has been devoted to reduce this effect by using improved 
detectors and special techniques. 

In a contribution to the Knoxville Conference /2/ special emphasis has 
been given to problems connected with capture detectors incorporating the 
weighting method and to the normalization of capture data of '*Fe /3/. 
According to this the normalization performed with resonances of different 
7-ray spectra hardness may lead to systematic errors which are reflected in 
weak as well as strong resonances. 
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This review is mainly concerned with the accuracy aspect of capture data 
for S.M.. As examples data sets of **Fe, ''Pe and '^Fe, including new 
results for **Fe and *^Fe from CBNM, will be compared critically. The results 
of the investigation on the C«D» detector performed at CBNM will be used to 
study the deviations in the different data sets. Reconnendations to reduce 
the uncertainty of capture data and to improve the capture detectors using 
the weighting method will be given. 

II. PROBLEMS IN MEASURING CAPTURE CROSS SECTIONS OF 

STRUCTURAL MATERIALS 

A typical capture cross section of S.M. is shown in Figure 1, where 
o(n,7) of **Fe is plotted in the energy ranges 5-12 keV and 50-60 keV. The 
cross section has a pronounced resonance structure represented by very broad 
s-wave resonances with a small peak cross section and very sharp p- and 
d-wave resonances. The extremely large scattering to capture ratio of 10*-10* 
in the broad resonances makes the measurement of the capture cross section a 
problem. Multiple scattering of the neutrons in the sample and their subse
quent capture causes corrections which exceed lOOZ of the first collision 
capture yield (indicated by a solid line in Figure 1) in practical sample 
thicknesses. There are three Monte Carlo codes available which can handle 
even larger corrections within an agreement of 3Z /4/. These are the codes 
developed at ORNL-RPI /5/, KFK (FANAC) /6/ and at Harwell (REFIT) /7/. The 
second consequence is the prompt background caused by neutrons scattered in 
the sample and captured in the detector or its environment. Methods similar 
to those used for the determination of the multiple scattering effect can be 
employed to determine the prompt background. However these methods require 
rather extensive calculations or very difficult measurements of the energy 
dependent neutron sensitivity of the capture detectors, which depends on all 
materials in the detector system and its vicinity. More efficient is a 
reduction of this effect by using appropriate detectors with a minimum of 
constructional material which should, moreover, have a low capture cross 
section. In special cases the prompt background can be eliminated for 
resonances in a limited energy range (15-40 keV) by performing short-distance 
measurements at the Van de Graaff, where the capture yield and the scattered 
neutrons are separated by time of flight /8,9/. The underestimation of the 
prompt background leads to a correlation between the resonance parameters F 
and F which is sometimes interpreted as evidence of a valence nucleon 
contribution. 

Another complication in measuring capture in S.M. results from the 
de-excitation process. The low level density of the compound system together 
with the Porter Thomas distribution for the partial transition strength 
favours high energy transitions with a strength varying substantially. A 
relative measure of the hardness and the fluctuation of 7-ray spectra in 
resonances can be obtained using one of the detectors suited for the appli
cation of the weighting method. Results of the CeD^-system are given in 
Figure 2, where the mean value of the average weight < w > (ratio of weighted 
to unweighted resonance areas for the particular weighting function used at 
CBHM) is plotted against the atomic number A for various nuclei. The error 
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Fig. 2 Average weight w (7-ray spectra hardness) for various 
isotopes (arbitary units) 

bar assigned to each isotope gives the *_ la deviation of the < w > value 
distribution calculated for the total number of resonances given in brackets 
near the isotopic symbol. The 7-ray spectra of S.M. (A < 70) are much harder 
and vary more widely than those elements, such as Au and Ag, which are nor
mally used for the normalization of capture data. For example, in " P e the 
1.15 keV resonance has the same 7-ray spectra hardness as at thermal energy 
/3/ where the two transitions, to the ground state and to the 14 keV level in 

Fe,̂  have almost 50Z of the total intensity from the capture state /IO/. 
The 'correction of the efficiency" using the weighting function for the 
1.15 keV resonance in *Fe (< w > - 28.9) compared to that of Ag resonances 
(< w > - 10.9) IS almost a factor three. Assuming that no capture detector 
18 perfect, the normalization becomes more accurate when resonances with 
similar 7-ray spectra are used. 
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On the other hand resonances with very different spectra can be used as 
an excellent tool to study the independence of the detector response to the 
particular 7-ray decay mode. 

Another consequence of these specific 7-ray spectra is the large fluc
tuation of the total radiation widths. The distribution function of F^ can 
be described by a x-square function with a low degree of freedom v and can 
be calculated by means of the statistical model. For ^*Fe, F^ = 0.92 eV 
(s-wave) and J' = 8 is obtained using the known level scheme of the compound 
nucleus up to 5 MeV /ll/. The low degree of freedom can prevent a good des
cription of the actual cross section in between resonances by means of the 
Reich-Moore R-Matrix formalism /12/. 

III. CAPTURE SPECTROMETER USED FOR STRUCTURAL MATERIALS 

In the following the capture detectors and their properties, in respect 
to efficiency and the prompt background, are summarized. The result of the 
total radiative width for the 27.7 keV resonance in ^*Fe has been used to 
check the treatment of the prompt background in different detector systems. 
This information is relevant to judge the deviations in the capture area 
discussed in the next section. 

III.A. MEASUREMENTS REVIEW 

RPI; The first high resolution capture cross section for S.M. was per
formed at the RPI linac using a large scintillator of 1100 1 /13/. The effi
ciency correction has been divided into two parts: the first is due to the 
high bias setting of the discriminator corresponding to a 7-ray energy of 
2.5 MeV, introduced to exclude capture events in hydrogen. The fraction of 
the scintillator events passed by the discriminator, the so-called "spectrimi 
fraction", was determined from pulse-height data. A value of 0.69 _+ 0.03 for 
all resonances in '*Fe was used. The second part concerns the cascade cor
rection, an estimation made for the photons which pass through the detector 
without interaction. Assuming that the capture 7-ray de-excitation scheme 
is the same for resonance capture as that for thermal neutron capture, a 
value of 0.87 +_ 0.02 was obtained. The total efficiency is then the product 
of the spectrum fraction and the cascade correction and results for ̂  * Fe as 
0.60 +_ 0.035. A very low neutron sensitivity e /e ~ 10"^ has been measured 
and therefore no correction of the prompt background was made. A total 
radiative width of 1.44 eV has been obtained for the 27.7 keV resonance. 

KFK: The measurement of Karlsruhe has been performed at the 1 n-sec 
pulsed Van de Graaff generator with a large liquid scintillator (800 1), 
separated into four parts, in order to get qualitative information on the 
7-ray multiplicity for individual resonances /14/. In addition crude 7-ray 
spectra taken with a bias of 3 MeV have been measured in order to correct 
the spectrum fraction and the cascade correction for resonances individually. 
The neutron sensitivity has been measured and its correction changed the F 
value of the 27.7 keV resonance from 1.4 eV to 1.25 eV /35/. "̂  
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ORNL-AAEC; The first measurements of S.M. with a hydrogen free CeF« 
detector using the weighted methods has been performed at ORELA. The low 
bias of 0.15 MeV 7-ray energy needed no correction for the spectral fraction. 
The cascade correction (escape probability) is included in the pulse-height 
weighting. The neutron sensitivity is rather large due to the construction 
of the detector and the resonance structure of fluorine in the scintillator. 
The very uncertain value of F - 1.4 eV for the 27.7 keV resonance, obtained 
without correction of the neutron sensitivity /15/, has been even increased 
to r m 1.6 eV taking into account the prompt background /16/. 

A.E.R.E.: A relatively small liquid scintillator (270 1) divided into 
two parts has been used at the Harwell linac. All corrections, the spectrum 
fraction (bias 2.5 MeV) and the cascade correction are performed with a semi-
empirical method using the code GAMOC. This Fortran program simulates the 
observed pulse-height distribution in individual resonances by a Monte Carlo 
routine based on typical cascade schemes. The neutron sensitivity of the 
detector below 100 keV neutron energy is smaller than that of the ORNL and 
KFK, because of a Be-tube which passes through the tank /17/. The inclusion 
of a prompt background correction of lOZ results in F = 0.85 eV for the 
27.7 keV resonance. 

CBNM; TWo CtD^-detectors together with the weighting method have been 
used at GELINA /3/. The normalization of the capture data is performed with 
resonances which have a similar 7-ray spectrum to the resonances to be 
measured. The neutron sensitivity is not yet determined but care was taken 
to minimize the constructional material of the detector. A scintillator with 
no neutron resonance structure in the measured energy range was used. For 
the 27.7 keV resonance a total radiative width F > 1.00 eV was obtained. 

7 
KFK and AAEC: A special technique has been applied to eliminate the 

prompt background in the 27.7 keV resonance at the Van de Graaff at Karlsruhe 
and Lucas Heights. Both laboratories produced neutrons in a limited energy 
range of 20-40 keV and the capture yield was measured with Moxon-Rae detec
tors. The distance, " Fe sample-detector, was chosen as two times larger 
than the distance neutron target-detector in order to separate the scattered 
neutrons at the sample from the prompt 7-rays by time of flight. The results 
of the total radiative widths are 0.78 eV and 1.0 eV for Lucas Heights and 
Karlsruhe respectively /8,9/. In a contribution to this meeting from 
Karlsruhe the same method has been applied using different versions of Moxon-
Rae-detectors to improve the radiative widths of s-wave resonances /18/. 

III.B. SOME TESTS WITH C,D^-DETECTORS 

The starting point of studies in connection with the weighting method, 
using C«D6 scintillators at CBNM, was the use of the ''Fe (1.15 keV)resonance 
for normalization /3/. The application of this resonance for structural 
materials should have the following advantages: 

1) the 1.15 keV resonance is an almost pure capture resonance (F < F ), 
hence the capture area can be determined very precisely in a "transmis
sion experiment. 
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2) the 7-ray spectrum of this resonance is very hard, similar to those which 
have to be measured. 

3) the Fe-isotope is present as an impurity in all iron samples, elimi
nating the need for a special normalization run. 

4) no extrapolation of the neutron flux from eV to keV range is needed, as 
would be the case for the Au and Ag resonances generally used for norma
lization. 

With these conditions the accuracy of the capture data for the iron isotopes 
depends mainly on the precision of the relative flux measurement. 

The problem came to light because of the widely differing results of the 
capture area for the '*Fe (1.15 keV) resonance obtained in the transmission 
experiment (F = 58 meV, F =610 meV, A = 53 meV) and the capture measure
ment normalized to the low energy Ag-resonances (A = 70 meV) . 

A capture measurement for the same resonance normalized to the precise 
capture cross section at thermal energy yielded A =0.52 meV, which is in 
very good agreement with the transmission result. The normalization at 
thermal energy is independent of the weighting function because the hardness 
of the 7-ray spectra at thermal energy and for the 1.15 keV resonance is the 
same. We have to conclude that the Ag-normalization overestimates the 
capture area for resonances with a hard spectrum. 

In order to test the weighting function thermal capture measurements 
have been performed with samples, listed in Table 1, of widely varying 
neutron separation energy (S^) and spectral shape (< w >) . The detector 
efficiency e normalized to unity for Ag is defined as the ratio between 
thermal "weight" counting rate C and the product of S and the capture 
probability P^ listed in column^S. The overestimation of the structural 
material data is reproduced, but the results are not satisfactory since the 
deviations of the efficiency from unity are not correlated with the average 
weight (hardness) of the spectra. 

The Fe data of CBNM published at Knoxville /3/ have been corrected 
for a deviation of 10% between Ag-normalization and the transmission result 
of the 1.15 keV resonance. The change in the capture area depends on the 
average weight < w(E^)> of the resonance E and has been calculated by 
linear interpolation according to: ^ 

A A^/A^ = 0.1 

uu accoraing to: 

[< w(l.]5)> - < w(E^)> ] / [< w(1.15)> - < w(Ag)>] . 

T /!''^A"U^''''^^ '^^ ""^P*^"^^ ^^^^ °^ *̂ ^̂  ^^^^ (l-'S keV) resonance norma-
riTivT t ^ ^ ! been tested at Geel using different weighting functions (WF) . 
The WFs plotted m Figure 3 have been employed: 

Ihe -OLD- WF is calculated with a Monte Carlo based computer code developed 
at Cadarache and Karlsruhe /19/. The same WF was obtained at AERE /20/ using 
the routine GAMOC and a Fortran program based on an analytical method 
developed at ORNL /21/. All three codes use a mathematical expression to 
calculate the most probable energy loss of the electrons in the scintillator. 
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Fig. 3 ^fPf, capture detector weighting functions 

The 'NEW' WF has been calculated using an increased energy loss of electrons 
in the scintillator employing newly evaluated data from Atomic Data /22/. 
The 'ALT' WF includes 7-absorption in the sample and the scintillator 
containers by assuming an absorption of 40Z for a 7-ray energy of 330 keV, 
corresponding to the absorption in I mm of Ag (R - 4 cm) or in the Fe oxide 
samples used for the measurements at CBNM. As an upper limit the linear WF 
(LIN) has been added for comparison. 

In Table 2 the capture areas normalized to Ag obtained for the different 
WFs have been listed for *'Fe (1.15 keV) and, in addition, *'Fe (1.6 keV), a 
newly measured pure capture resonance with the following resonance parameters 
obtained in a transmission measurement /23/: F • (42.6 +_ 0.4) meV and 
F - (996. + 300) meV (£ - 1, J - 2, g - 1.25)? The transmission results 
fir the pure capture resonances are given under TRA in the table. 
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In the case of Fe excellent agreement is obtained between the trans
mission value and the capture result using the 'NEW' weighting function. 
On the other hand to get a similar agreement for ^ * Fe it becomes necessary 
to utilize a WF that is nearer to the 'LIN' one. There is no WF for which 
transmission results for both **Fe and ^'Fe can be reproduced. However, we 
conclude that the weighting method can be used confidently at least for 
resonances with an average weight up to < w > = 20.5. As plotted in Figure 4 
the method fails for the **Fe (1.15 keV) resonance with < w > = 28.9, where 
the capture area is overestimated by 22.6% using the NEW weighting function. 
The weighting function used in this method is only valid for a single 7-ray 
of a cascade. The sum of two pulses is assigned more weight than the two 
pulses taken separately, due to the non-linearity of the WF. The over
weighting for coincidences for typical spectra has been estimated to be 
25% /24/ and together with a coincidence rate of 8% gives a mean overweight 
of 2%. The result for the 1.15 keV resonance normalized to Ag seems also 
to indicate an overestimation; in this resonance the total energy of the 
capture process is released in 7-quanta larger than 7.5 MeV for almost half 
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Fig. 4 Behaviour of C^D^ detector capture yield for resonances with 
different 7-ray spectrum hardnesses 
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of all transitions. In order to determine the upper limit of the validity 
of the pulse height weighting technique and to study the behaviour of the 
detector beyond this limit, more pure capture resonances with different 
< w > have to be measured. But there is a possibility of getting this 
information by comparing results from other capture detectors which do not 
depend so strongly on the spectral shape. 

IV. STATUS OF CAPTURE CROSS SECTION DATA FOR STRUCTURAL MATERIALS 

Structural material data published since the last specialist meeting 
at Geel are shown in Table 3. Most of the publications are concerned with 
the iron isotopes, which will be taken as an example to discuss the status 
of the accuracy of the capture data. A more general review on resonance 
cross sections for structural materials has been presented by Frohner at 
the Harwell Conference /34/. 

'S, e data: Five resonance data sets of Fe are collected in Table 4 
up to a neutron energy of 65 keV: RPI /13/, KFK /35/, ORNL-AAEC /15/, AERE 
/31/ and CBNM /3/. They are ordered corresponding to the date of publica
tion from left to right and only resonances which are well separated and 
have a high statistical accuracy are included. In the second column < w >, 
a measure of the hardness of the resonance spectra, is added. 

In Figure 5 the capture area of weak Fe (p-wave) resonances for the 
four recent measurements of Table 4 have been plotted against the neutron 
energy. In order to emphasize the systematic deviations the data points of 
ORNL, AERE and CBNM are connected by eye-guide-lines. The large average, 
but systematic, deviation of 17Z between the data sets of ORNL and CBNM is 
mainly explained by the use of spectra with different hardnesses for nor
malization, as discussed in Section III.B. The weighting function applied 
to the raw data overestimates the capture area of hard spectra when using 
a soft resonance for calibration. Since all resonances in *'Fe have 7-ray 
spectra harder than those of Au (or Ag), the capture areas obtained at ORNL 
can be considered as upper limit values. The normalization by means of a 
resonance with a hard spectrum, as performed at CBNM, improves the results 
but underestimates the soft resonances (*). Whether or not the CBNM set 
can be considered as a low limit depends on the transmission value of ''Fe 
(1.15 keV) resonance, which has been listed in Table 5 and taken from the 
literature. No conclusion can be made from these values as the deviations 
are as large as in the capture data. But two remarks should favour the 
value of Brusegan et al. The transmission data of CBNM have been analysed 
at Harwell yielding the same result /39/ and the data have been improved by 
inclusion of a recent analysis of a transmission measurement performed with 
a I mm iron sample resulting in: F > (58.9 + 2.0) meV and 
r - (665. *_ 150) /40/. With this"resuit the data sets of ORNL and CBNM 
define an uncertainty band, within which the true value should fall. 

(*) The CBNM data in Table 4 are partly corrected for this effect as 
described in Section III.B. The raw (uncorrected) data from CBNM 
have also been analysed at Harwell using RIFIT and the results are 
published elsewhere /29/. 
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Fig. 5 Comparison of Fe capture resonance data 

The AERE data enter this uncertainty band, apart from the resonance at 
34 keV, if the data are normalized to the ̂ *Fe (1.15 keV) transmission 
result mentioned above. All resonances with a hard spectra agree better 
with the CBNM data, but the result for the single soft resonance at 36 keV, 
which enters the uncertainty band without normalization, agrees better with 
the ORNL-AAEC value. 

The KFK data obtained with a large liquid scintillator are all within 
the uncertainty band except the 59.2 keV resonance. Also here the data for 
soft spectra resonances agree better with the ORNL data and these for a hard 
spectra with the CBNM data. 

To visualize this fact, the ratios of ORNL/KFK and of CBNM/KFK data 
expressed in percentage have been plotted against the average weight in the 
upper and lower part of Figure 6 respectively. As can be seen there is a 
good agreement between the results obtained with the large tank measurement 
(KFK) and those from the total energy weighting technique, when the data of 
the latter are combined with ORNL data normalized to Au for < w > < 23.5 and 
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with CBNM data normalized to **Fe (1.15 keV) for < w > > 23.5. The compari
son of capture data obtained with scintillator tanks may lead to the 
following conclusions for the application of the weighting technique using 
liquid scintillators: the spectrum independence of these capture detectors 
is limited to an average weight of < w > '̂  23.5; beyond this hardness the 
capture data should be normalized to a resonance of similar hardness. 

If we use this condition for the results of ORNL and CBNM and normalize 
the AERE data to the transmission value of the 1.15 keV resonance, the 
average deviation of the data plotted in Figure 5 reduces to 6Z. 

The results of the strong s-wave resonance in Fe at 27.7 keV with a 
scattering to capture ratio of 1.5 * 10* are listed in Table 4. The total 
radiative widths show a tendency to decrease from left to right, with the 
exception of the ORNL result. The two recent values obtained at Linacs 
(AERE and CBNM) are in good agreement with those obtained at Van de Graaffs 
(KFK and AAEC - see Section III.A), where the prompt background is eliminated 
by a time of flight technique. This result indicates that the prompt back
ground for the newly developed capture detectors at Linacs is not at all 
significant for the 27.7 keV resonance. But the problem remains for s-wave 
resonances, where the scattering to capture ratio appreciably exceeds 10*. 
In an evaluation of the total radiative width of the 27.7 keV resonance, 
contributed to this meeting /4I/, F • 1.00 *_ 0.04 eV is recommended. 

54 54 
Fe data; The capture area of Fe p-wave resonances up to 85 keV, 

which have a good statistical accuracy and which do not overlap with s-wave 
resonances, are listed in Table 6 and plotted in Figure 7. Data sets from 
ORNL-AAEC /42/, KFK /43/ and as yet unpublished capture data of CBNM /44/ 
are included. The latter are normalized to the ''Fe (1.15 keV) resonance, 
for which the 7-ray spectrum hardness agrees with the average weight obtained 
for the '*Fe resonances (see Figure 2). The deviation of the ORNL and CBNM 
data averaged over the resonances considered is 20Z. Since all resonances, 
apart from those at 3.1 and 68.7 keV, have an average weight larger than 
23.5, the CBNM data should be the correct values. A change in the slope of 
the neutron flux between ORNL and CBNM data is observed below E < 30 keV, 
%rhere the capture area of both sets agree much better . This ef fect i s 
also indicated in the **Fe data, where only one resonance below 30 keV is 
considered. The KFK results are on average 46Z higher than the CBNM data 
and are not consistent with the normalization obtained for the KFK *'Fe data. 

Fe data; In Table 7, four resonance data sets RPI /13/, KFK /43/, 
ORNL-AAEC /45/ and CBNM /23/ of "Fe up to a neutron energy of 40 keV are 
listed, very weak resonances and the doublet at 21 keV have been excluded. 
Many of the p-wave resonances included in the table are superimposed on 
broad s-wave resonances. The normalization of the CBNM data has been per
formed with the capture area of the "Fe (1.6 keV) resonance. In this case 
the capture areas of CBNM should agree with those of ORNL normalized to the 
Au resonance. This is certainly true for resonances beyond 30 keV neutron 
energy, but in the lower energy range the systematic change in the flux 
shape causes even lower capture areas below 21 keV compared to CBNM data. 
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Fig. 7 Comparison of Fe capture resonance data 

resulting in a discrepancy averaged over all resonances of -10%. The best 
agreement below 20 keV is obtained for RPI and CBNM data, where the average 
deviation is +7Z. The KFK data are systematically too high below 10 keV 
and become too low beyond this energy. 

V. CONCLUSIWS AND RECOMMENDATIONS 

The pulse height weighting technique applied to liquid organic scin
tillators has to be used with care for capture cross section measurements 
of structural materials. Tests of these detectors performed at CBNM and 
the comparison of Fe capture areas obtained with the weighting technique 
(ORNL-AAEC and CBNM) on the one hand and those obtained using large liquid 
scintillators (KFK, AERE) on the other, may lead to the following conclu
sions: The capture detectors based on the pulse height weighting technique 
are independent of the spectral shape up to a hardness of the 7-ray spectra 
of < w > • 23.5. Resonances with harder spectra characterized by a large 
partial transition strength to the ground state or a low lying excited state 
have to be normalized with resonances of similar properties. 

The application of this condition to the Fe data reduces the dis
crepancy averaged over the resonances, from initially 20% to 6%. 
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With this restriction the pulse height weighting technique is not 
applicable for average cross section measurements for structural materials. 

Only the data sets of ORNL-AAEC and CBNM, although different in the 
results, behave similarly in all three data sets of the main iron isotopes. 
The different shape in the neutron flux below 30 keV in both sets should 
be reassessed. 

The normalization of capture data for structural materials should be 
performed with pure capture resonances, where the capture area can be 
determined precisely in a transmission experiment. Therefore transmission 
measurements of such resonances are highly recommended. 

Furthermore, the capture area of pure capture resonances with different 
average weight can be used to test the properties of capture detectors in 
general and those requiring the weighting technique in particular. 
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Saiiq>le 

Ag 

Au 

Fe 

50cr 

"cr 

S 
n 

(MeVJ 

6 .80 

6.51 

7.65 

9 .26 

9 .72 

%h 
(bam) 

63 .6 *_ 0 .6 

98 .8 + 0 . 3 

2.55 +_ 0.03 

15.9 + 0 . 2 

18.2 + 1.5 

< w ^ > 
th 

10.9 

13.5 

28 .9 

23.1 

26.1 

e . C^/(S^ . P^) 

1.00 

1.018 + 0.01 

1.082 + 0 .03 

1.093 + 0.02 

1.24 + 0 . 0 9 
• 

Table I Test of the weighting function at thermal energy /3/. 

Weighting Function 

O L D 

N E W 

A L T 

L I N 

T R A 

< w > 
1 

^^Fe ( 1 . 6 keV) 
gr F /F 
* n 7 

(meV) 

54. 

51 .5 

49. 

4 1 . 

5 1 . 

20.5 

^ S e (1 .15 keV) 
gF F /F 
*^n 7 

(meV) 

70. 

65. 

61 . 

49 . 

53 . 

28 .9 

Table 2 Test of weighting functions for Fe (1.15 keV) and Fe (1.6 keV) 

resonances. 
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Isotope 

2\a 

46-50^, 

'h 
^Se 

^Se 

^Se 

^Se 

^Se 

Fe nat. 

9'zr 

^^Zr 

Energy range 
(keV) 

7 - 599 

3 - 292 

4 - 212 

1-100 

1 - 85 

15 - 40 

15 - 40 

2.5 - 200 

1 - 35 

0.15 - 14.6 

0.15 - 30 

Detector 

^6^6 

^6^6 

S^ 
^6^6 

^6^6 

Moxon-Rae 

Moxon-Rae 

^6^6 

Tank 

^6^6 

^6^6 

Reference 

Musgrove 

Allen 

Winters 

Brusegan 

Moxon 

Allen 

Wisshak 

Allen 

Gayther 

Brusegan 

Brusegan 

1251 

/26/ 

1271 

n/ 
129/ 

ISI 

191 

/30/ 

/31/ 

/32/ 

/33/ 

Table 3 Published data of structural materials since the Geel Specialists 
meeting. 



Ŝ Fe RESONANCE PARAMETERS (eV) 
MEASUREMENT —i-CBNM 
NORMALIZATION — ^ ^^Fe 

E(keV) 

1.15 

22.8 

27.7 

3^.2 

36.7 

38.A 

A6.0 

52.1 

53.5 

59.2 

63.5 

<w> 

28.8 

23.A 

lU.U 

35.8 

21.2 

29.3 

18.9 

2 .̂0 

18.8 

30.5 

17.5 

grnHy/r 

[ ^ : r ' 0 . 0 5 3 

0.17 

Vy = 1.00 

0.5^ 

0.23 

0.3^ 

O.A 5 

0.68 

0.33 

0.7A 

0.55 

AERE 
Au 

gfnr^/r 
n̂ = 0.053 ^^.^ 

[Y=0.615 0 0 ^ ^ 

0.15 

f^ = 0.85 

^.UU 

0.26 

0.31 

ORNL-AAEC 
Au 

qV^VylV 

0.18 

rY = i.6 

0.66 

0.28 

0.38 

0.53 

0.81 

O.AO 

0.87 

0.65 

KFK 
Au 

g fn f^ / r 

0.18 

rY = 1.25 

0.55 

0.30 

0.3A 

0.50 

0.68 

0.39 

0.69 

0.63 

RPI 
Ag Au 

qV^VylV 

Tn =0.086 
0.075 

0.19 

V\i^\.uu 

0.59 

0.30 

0.^6 

0.32 

0.51 

0.5/; 

0.5A 

tJ 

Table 4 Comparison of Fe capture data obtained in different laboratories. 
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Author 

Block 

Julien et al. 

Moxon et al. 

Brusegan et al. 

/36/ 

/37/ 

/38/ 

/3/ 

Year 

1964 

1969 

1977 

1979 

F 
n 

(meV) 

68. HH 6. 

62. i 4. 

50. +_ 4. 

58. + 4. 

F 
7 

(meV) 

530. + 80. 

570. + 60. 

(600 assumed) 

610. +_ 60. 

gF F /F 
^ n 7 
(meV) 

60. +_ 6. 

56. + 4. 

46. jf 4. 

53. +_ 4. 

Table 5 Transmission results for the 1.15 keV resonance in Fe 

E 
n 

(keV) 

3.1 

19.3 

23.0 

28.2 

30.6 

35.3 

38.4 

39.1 

68.7 

75.8 

77.2 

81.3 

83.2 

83.5 

< w > 

23.0 

26.2 

31.5 

31.3 

28.7 

26.1 

26.5 

27.7 

22.8 

27.9 

26.5 

37.5 

28.2 

24.7 

CBNM 
gF F /F 
^ n 7 

(eV) 

0.0028 

0.046 

0.36 

0.16 

0.81 

0.23 

0.80 

0.74 

0.23 

0.63 

1.27 

0.25 

0.92 

0.35 

ORNL-AAEC 
gF F /F 
^ n 7 

(eV) 

0.0030 

0.047 

0.39 

0.17 

0.96 

0.26 

0.92 

0.82 

0.31 

0.76 

1.62 

0.30 

1.27 

0.45 

KFK 
gF F /F 
^ n 7 

(eV) 

0.57 

0.16 

1.07 

0.33 

1.0 

1.31 

0.5 

1.0 

1.5 

Table 6 Comparison of Fe capture areas for weak resonances measured 
in different laboratories. 
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— — ^ — — 

E 
n 

(keV) 

1.6 

7.2 

7.9 

12.9 

14.0 

18.1 

18.3 

18.7 

21.1 

21.4 

27.2 

28.7 

32.0 

35.2 

37.2 

38.0 

39.4 

— — — — 1 

< w > 

20.5 

33.3 

24.0 

24.8 

20.8 

20.7 

24.6 

20.2 

23.2 

21.7 

21.4 

18.1 

21.8 

20.7 

22.4 

18.7 

18.7 

CBNM 
gF F /r 
* n 7 

(eV) 

0.051 

0.36 

0.15 

0.39 

0.69 

0.22 

0.56 

0.036 

0.31 

0.11 

0.10 

0.35 

0.21 

0.47 

0.37 

0.14 

0.46 

ORNL-AAEC* 
gF F /F 
*^n 7 

(eV) 

0.29 

0.13 

0.34 

0.56 

0.19 

0.40 

0.034 

0.25 

0.11 

0.12 

0.42 

0.22 

0.44 

0.34 

0.15 

0.45 

KFK 
gF F IT 
* n 7 

(eV) 

0.42 

0.25 

0.27 

0.40 

0.47 

RPI 
gF F IV 
"* n 7 

(eV) 

0.05 

0.36 

0.18 

0.42 

0.70 

0.52 

Correction factor 1.036 has not been applied /46/ 

Table 7 Comparison of Fe-capture areas for weak resonances measured 
at different laboratories. 
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Discussion 

QUESTION: W. Poenitz 
Somehow the step function you proposed seems hard to accept. If one 
looks at that graph, one might draw a more gradually changing line through 
the points. 

ANSWER: G. Rohr 
I agree, that it is difficult to accept, but looking at the data, it seems 
to be very sharp. Probably I should have shown the errors. 

QUESTION: K. Wisshak 
From the statistical model calculations we know that, on the average, 
capture gamma-ray spectra of d-wave resonances are much harder than spectra 
of p-wave resonances. Might the step in your normalization be due to the 
fact that d-wave resonances have been analyzed as p-wave resonances? 

ANSWER: G. Rohr 
The d-wave resonances below 70 keV neutron energy are too weak to use in 
this Inter-comparlson. 
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NEUTRON CAPTURE WIDTHS OF s-WAVE RESONANCES 
IN 56pe, 58,60^^ ^^^ 27^^ 

K. Wisshak, F. KSppeler, G. Reffo*, and F. Fabbri* 

Kemforschungszentrum Karlsruhe GmbH 
Institut fiir Angewandte Kernphysik 

P.O.B. 3640, D-7500 Karlsruhe 
Federal Republic of Germany 

ABSTRACT 

The neutron capture widths of s-wave resonances 
in *^Fe (27.7 keV) , '̂̂ Ni (15.4 keV) , ̂  "Ni (12.5 keV) 
and ^'A1 (35.3 keV)have been determined, using a set
up completely different from LINAC experiments. A 
pulsed 3 MV Van de Graaff accelerator and the 'Li(p,n) 
reaction served as a neutron source. The proton energy 
was adjusted just above the reaction threshold to 
obtain a kinematically collimated neutron beam. This 
allowed to position the samples at a flight path as 
short as '̂ 90 mm. Capture events were detected 
by three Moxon-Rae detectors with graphite, bismuth-
graphite and pure bismuth converter, respectively. The 
measurements were performed relative to a gold standard . 
The setup allows to discriminate capture of scattered 
neutrons completely by time of flight and to use very 
thin samples (0.15 mm) in order to reduce multiple 
scattering. After correction for deviations of the de
tector efficiency from a linear increase with gamma-ray 
energy, the results obtained with different detectors 
agree within their remaining systematic uncertainty 
of '\'5 %. Only preliminary results are presented. 

INTRODUCTION 

Exact values for the capture widths of broad s-wave reso
nances in structural materials are important nuclear data for 
fast reactors, mainly because of two reasons: (i) The large 
capture areas contribute significantly to the reactor 

Comitato Nazionale per 1'Energia Nucleare, Bologna, Italy 
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spectrum averaged cross sections (ii). The large ratio of 
r /r '\̂ 10̂  caused that older measurements are severely affected 
n Y by systematic uncertainties due to capture of resonance 
scattered neutrons and multiple scattering effects. 

Part of these difficulties have been overcome in recent years 
in LINAC experiments by the use of arrangements with very low 
neutron sensitivity •'•'? In the present experiments which were 
performed at a Van de Graaff accelerator, a completely different 
approach was made to solve these problems. Events due to capture 
of resonance scattered neutrons are discriminated completely by 
time of flight, using very short flight paths between neutron 
target and sample. This approach has the additional advantage of 
a high neutron flux at the sample position. Therefore very thin 
samples can be used, thus avoiding large multiple scattering 
corrections. With this method the following s-wave resonances 
have been measured: ^^Fe (27.7 keV) , ^"Ni (15.4 keV) , ̂  "Ni 
(12.5 keV) and ^''AI (35.3 keV) . 

EXPERIMENTS 

The experiment is an optimized version of a setup proposed 
by Macklin et al.^ already in 1964. A schematic drawing is 
shown in Fig. 1. The measurements were performed at the Karlsruhe 
3-MV pulsed Van de Graaff accelerator. A kinematically colli
mated neutron beam is produced via the ^Li(p,n) reaction 
by adjusting the proton energy just above the reaction thresh
old. In this case no further collimation is required and 
the samples can be placed at a flight path as short as 
9 cm. The capture detectors are arranged at backward angles 
completely outside the neutron cone. Data were taken simul
taneously from three Moxon-Rae detectors with graphite, bismuth-
graphite and pure bismuth converters, respectively. This is 
an essential feature which allows to reduce systematic uncer
tainties due to the deviations of the detector efficiency from 
the ideal, linear increase with gamma-ray energy. Five 
samples are used in each run: two isotopes of the structural 
materials under investigation, a gold sample as a cross sec
tion standard, a graphite sample as a pure scatterer and an 
empty position in the sample changer frame for background de
termination. Details of the experimental method, data evaluation 
and systematic uncertainties are given in Ref. 4. 

The main advantages of this setup are the following: 

1.) The distance between samples and detectors is a factor 
of two larger than the flight path of the primary neutrons. 
Thus, events due to capture of scattered neutrons in 
the detector or in surrounding materials are completely 
discriminated by the additional time of flight. 
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MOXON RAE 

DETECTOR 

Btsmuth Converter 

TRANSMISSION DETECTOR 

lot 0 deg .93.5cm flight path 

MOXON-RAE DETECTOR 

/ 

NEUTRON FLUX MONITOR 

(at 20deg .160cm Rightpath) 

PHOTOMULTIPLIER 

NE 111 PLASTIC 
SCINTILLATOR (05mm) 

GRAPHITE CONVERTER 

LEAD SHIELDING 

"PRDTDFT'BESH' 

^Li-TARGET 

aSMUTH-GRAPHITE 
CONVERTER 

MOXON - RAE 
DETECTOR 

Fig. 1. Schematic view of the experimental setup for the 
capture cross section measurement on s-wave resonan
ces in structural materials. 

2.) The high neutron flux at the sample position allowed 
the use of very thin samples (e.g., 0.15 mm for ^"'^"Ni, 
the isotopes of main interest). 

3.) The limited energy range of the neutron spectrum from 10 
to 60 keV avoids unwanted background from scattering re
sonances at higher energies. 

4.) The total time resolution of 1.2 ns is sufficient to sepa
rate the s-waves from neighbouring p-wave resonances 
(except for '"Ni). 

The important parameters of the Individual measurements 
are compiled in Table I. Four measurements with different neu
tron spectra have been performed on'^'^^Ni samples of different 
thickness. This allows to study in detail systematic uncertain
ties connected with the multiple scattering correction and with 
background subtraction. In case of ^^Fe, a detailed study has 
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already been published ** using a single detector with graphite 
converter. Therefore, we remeasured this isotope only with 
two sample thicknesses. Aluminium was included in the present 
study as this isotope is of general interest, e.g., in con
nection with astrophysics. For demonstration of the experimen
tal signal to background ratio. Fig. 2 shows time of flight 
spectra measured with se/eojĵ  samples of 0.3 mm thickness 
(2.7 X 10 ̂  A/b). Comparing the relative intensities of the 
resonances, one has to keep in mind that the neutron flux is 
strongly increasing with energy. 

RESULTS 

/,-

ro 
' O 

LU 

< 
X o 

LU 
CL 

3 
O u 

The capture width of the s-wave resonances was determined 
from the capture y ie ld using the FANAC code of F r o h n e r \ Two 
examples of the f i t s for resonances in ^^'^^la are shown in 
Fig. 3. In addi t ion to the s-wave resonances, m u l t i p l e t s of un
resolved p-wave resonances are a l so analyzed. In Table I I the 
r e s u l t s for s-wave resonances are summarized. For ^°Ni the quoted 

I II 
PROMPT 

TOF - SPECTRA 

^°Ni SAMPLE 

12.3 keV RESONANCE 

PROMPT 
GAMMA-
RAY 
PEAK 

BACKGROUND 

FLIGHT PATH ; 877 mm 

i4w< Voin»'<' 

SAMPLE THICKNESS : 2.78-10 " A / b 

100 200 300 

^^Ni SAMPLE 

15.̂  keV RES. 

GAMMA-
RAY 
PEAK 

BACKGROUND 

FLIGHT PATH :877 mm 
-3, SAMPLE THICKNESS : 2.71 -10 A / b 

^00 100 200 300 Too^ 

Fig. 2 
CHANNEL NUMBER 

Time of flight spectra measured from ^®Ni and 
^°Ni samples(thickness 0.3 mm) using a Moxon Rae-
detector with graphite converter. (The peak on the 
right hand side of the gamma-ray peak is caused by a 
diaphragm in front of the target). 



Table I Important Parameters of the Individual Measurements 

Measurement 

1 

2 

3 

4 

5 

6 

Sample 1 1 

^®Ni(4.10«10"'' A/b) 

^^Ni(2.71«10~'^ A/b) 

^®Ni(1.39«10"^ A/b) 

^®Ni(4.10'10"-' A/b) 

^^Al(6.15»10"-' A/b) 

^^Fe(1.62O0"^ A/b) 

Saunple Dieuneter: 38.2 mm 

Standard: 

Scattering 

Multiple 
Scattering 
in s-Wave 

(%) 

44 

35 

23 

44 

18 

47 

Gold (1.36»10 "* A/b) 

Saunple: Graphite (7. 57.10"-' A/b) 

Sample 2 

^°Ni(4.12'10'-' A/b) 

^°Ni(2.77.10"^ A/b) 

^^NKLSSOO"-* A/b) 

^°Ni(4.12. io"-' A/b) 

^^Fe(2.65-10~-' A/b) 

^^Fe(2.65« io'-' A/b) 

Multiple 
Scattering 
in 8-Wave 

(%) 

53 

43 

29 

53 

18 

18 

Maximum 
Neutron 
Energy 
(keV) 

90 

75 

60 

60 

60 

60 
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18 20 22 24 

NEUTRON ENERGY (keV) 

NEUTRON ENERGY (keV] 

Fig. 3 FANAC f i t to the capture y i e ld of ^^Ni and ^°Ni 
as obtained from the spect ra given in Fig . 2. 
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values are the sum of the s-wave resonance at 12.3 keV and 
the two p-wave resonances at 12.23 and 13.63 keV which could 
not be resolved in the present experiment. No systematic 
differences between individual measurements with different 
sample thicknesses were found thus confirming the relia
bility of multiple scattering corrections and of background 
subtraction. On the other hand strong systematic differences 
are observed for the results obtained with different detectors. 
This is to be expected as the capture gamma-ray spectra of the 
investigated isotopes and the gold standard are known to be 
quite different. This leads to systematic effects via the 
efficiency of the individual converters which deviates 
in different ways from the ideal linear increase with gamma-
ray energy. 

To correct for this effect, capture gamma-ray spectra of 
the investigated samples and of the gold standard were calcu
lated according to the statistical and optical model as 
described in detail in Ref. 6. The gamma transitions to the 
groundstate follow a Porter-Thomas distribution and therefore 
the calculation cannot give exact results for these transitions 
in single resonances. In addition, other effects like doorway 
states or valence capture may contribute to the hard component 
in the capture gamma-ray spectra. For these reasons the capture 
geumna-ray spectra were corrected by experimental results for high 
energetic gamma transitions. In case of ^^Fe, ^S'^'NI mea
surements have been performed by Beer et al. ' and for ^^Al by 
Bergcfvist et al. *. The resulting spectra are shown in Fig. 4, 
where the statistical model calculation is given as a solid 
line and the effect of additional contributions at high ener
gies is indicated by a dashed line. For ^*Fe the model calcu
lation agrees with the experimental result for high energy 
transitions but for the other isotopes additional strength 
had to be added in this region. In the lower left corner of 
the figure the assumed shape of the efficiency curve is shown 
for the different converters. In case of the graphite converter 
two efficiency curves have been used, one as calculated by 
Malik and Majkrzak and the other as evaluated from experimental 
results of Macklin et al. ^°, Moxon and Rae^^ and our group*. 
The efficiency for the bismuth-graphite converter was taken 
from Macklin et al.^" (also the converter itself was kindly 
ceded to us by R.L. Macklin). For the pure bismuth converter 
the calculated curve by Malik and Majkrzak' was adopted. 

With these four different efficiency curves e, (1=1,2 .3,4) 
and with the capture gamma-ray spectra I. (E ) (j = ̂ ^Fe , *®'**Ni , 
^'A1 and ^ " A U ) given in Fig. 4, an effecti\^e efficiency 
e.. was calculated according to: 



TABLE II Preliminary results for the capture width (in eV) of s-wave resonances in 

^^Fe, ^^'^°Ni and '̂̂ Al as obtained with different detectors and different sample 

thicknesses. The data are not yet corrected for deviations of the detector 

efficiency from linear increase with gamma-ray energy. Statistical uncertainties 

in % are given in brackets. 

Resonance Isotope Measurement 

Graphite 
Converter 

Bi-Graphite 
Converter 

Bismuth 
Converter 

15.4 keV 
s-wave 

average 

58 
58 
58 
58 

Ni 
Ni 
Ni 
Ni 

1 
2 
3 
4 

1 .31 
1 .42 
1 .30 
1 .29 

1.33 (4.2) 

1.73 
1 .67 
1 .80 
1.60 

1.70 (4.0) 

1 .80 
1 .77 
1 .80 
1 .75 

1.78 (3.7) 

12.5 keV 
s-wave 
12.2+13.6 
p-wave 

average 

60 
60 
60 
60 

Ni 
Ni 
Ni 
Ni 

1 
2 
3 
4 

3, 
3, 
3, 
3 

10 
24 
20 
08 

3.15 (2.6) 

3.83 
3.76 

87 
43 

3.72 (3.4) 

3.91 
3.86 
4.06 
3.63 

3.86 (2.9) 

4̂-

27.7 keV 
s-wave 

56 
56 

Fe 
Fe 

5+6 
6 

1.01 
1 .04 

1 .17 
1 .15 

1.13 
1.13 

a v e r a g e 

3 5 . 3 keV 
s -wave 

2 7 ^ 1 5 

1 .03 ( 3 . 8 ) 

1.95 ( 3 . 0 ) 

1.16 ( 4 . 0 ) 

2 . 3 3 ( 2 . 9 ) 

1.13 ( 3 . 8 ) 

2 . 2 7 ( 2 . 8 ) 
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30-r 60-r 

8 2 k 
GAMMA-RAY ENERGY (MeV) 

Fig. 4 Calculated capture gamma-ray spectra for s-wave reso
nances in ^'Al, '̂ F̂e 58/6 0j,ĵ  ^.^^ ^^^ 197 ^.^^ -^^ ĵ̂ g 
lower left corner the relative shape of the detector 
efficiency is given for several converter materials 
as described in the text. 
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^ij 

e. (E ) I. (E )dE 
"̂ 1̂  Y' D Y Y 

/ ^ (E ) I.(E )dE, 
Y D Y Y 

where e (E ) = C»E corresponds to the ideal case. Finally, 
the measured captuî e widths had to be corrected by the effi
ciency ratio: 

^ _ ^l,gold j . 27^1^ 58,60^^^ 56p^ 

1/3 
The values for K. . are compiled in Table III. Their estimated 
uncertainties wer^^derived by consideration of the uncertainties 
in the efficiency curve e. and in the capture gamma-ray spectra 
I. (E ) . The effect of e. "''was deduced from the different results 
obtained with the two assumptions for the graphite converter. 
While the uncertainty contribution from ^^^(E ) was taken from 
Ref. 4, the corresponding value for I^(E t of the investigated 
isotopes was determined by the variation^of K^ . if we skipped 
the experimental correction to the higher energy part of I.(E^). 
In Table IV preliminary results for the corrected capture 
widths are compiled together with the respective statistical 
uncertainties. The total remaining systematic uncertainty, 
which has been evaluated in detail for the ^^Fe measurement 
in Ref. 4 is of the order of 5 %. On the average the results 
show good agreement between the data measured with graphite 
and bismuth converter, while in all cases the results obtained 
with the bismuth-graphite converter is slightly larger. This may 

TABLE III Efficiency ratios K. . for the measurement of s-wave 

27,, 58,60-,. , 56„ , . . resonances in Al, Ni and Fe relative to a 

gold standard using Moxon-Rae detectors with different 

converter materials 

Converter Material 

Graphite Bismuth- Bismuth Uncertain-
Graghite t:Y.i%i 

3.2 

2.7 

2.0 

3.5 

Nl 

^^Ni 

Ŝe 
27A1 

1.072 

1.056 

1.048 

1.083 

0.964 

0.974 

0.983 

0.965 

0.897 

0.901 

0.924 

0.882 
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TABLE IV Preliminary results for the capture width of s-wave 

resonances in Al, Fe and ' Ni (statistical 

uncertainties in % are given in brackets). 

Graphite 

Converter Material 

Bismuth-
Graphite 

Bismuth 

average 

1.42(4.2) 

r (15.4 keV) 

1.64 (4.0) 

1.55 (2.3) eV 

1.60(3.7) 

^^Ni 

average 

adopted 

3.33(2.6) 3.63(3.4) 3.48(2.9) 

r (12.5 + 12.2 + 13.6 keV) = 3.45 (1.7) eV 

r (12.2 + 13.6 keV) = 0.56 

r (12.5 keV) = 2.89 (1.7) eV 

S^Fe 

average 

1.07(3.8) 

r (27.7 keV) 

1.14(4.0) 

1.08 (2.2) eV 

1.04(3.8) 

27A1 

average 

2.11 (3.0) 

r^OS.S keV) 

2.25(2.9) 

2.11 (1.7) eV 

2.00(2.8) 

indicate that the respective efficiency curve has to be 
modified. However, such a step requires at best an experimental 
determination of the efficiency curve. 

As a preliminary result we obtain a capture width r =1.55 eV 
for the 15.4 keV resonance in '̂ 'Ni. If we correct for th6 p-wave 
resonances at 12.23 and 13.62 keV in ^°Ni, using r (12.23 
+ 13.62) = 0.56 eV for the sum of their widths according to 
Ref. 12, we end up with a value r = 2.89 eV for the 12.3 keV 
resonance in ^^Ni. In case of '* Pe the value r = 1.08 eV 
for the 27.7 keV resonance is in good agreement^with our first 
(more accurate) measurement** since our first result r =1.01 
has to be corrected by a factor 1.048 according to Temle III. 
For the resonance at 35.3 keV in aluminium a value of r =2.11 eV 
Is obtained. 
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If we compare the present results with data from litera
ture we find the following situation: 
^^Fe, 27.7 keV - The present value is significantly lower than 
all results published before 1980 (Refs. 3,13,14), except the 
value of Frohner'^ who quoted r = 1.25 ĵ  0.2 eV. Among the re
cent measurements good agreement is found with Brusegan et al.^^ 
while the values given by Gayther et al.^^ and by Allen et al.^^ 
are lower by 15-20 %. It should be noted, that the latter ex
periment used a technique similar like the one that was applied 
in this work. We have complemented our Moxon-Rae measurements by 
one using CeDe detectors with better energy resolution, and we get 
a preliminary value of r =1.04 eV. 

58 
Ni, 15.4 keV - In this case we agree well with the refined 

evaluation of Frohner''̂ ^ whereas the value given in BNL 325 
(Ref. 18) and the preliminary value of Perey-^^ are '\'30 % higher. 
60 

Ni, 12.3 keV - For this resonance we again obtained good 
agreement with Frohner-^^, the earlier value in BNL 325 (Ref. 18) 
being some 15 % higher. 
27 

Al, 35.4 keV - Our result confirms the value quoted in BNL 325 
(Ref. 18) but is significantly lower than the width of 
r = 3.1 +_ 0.6 eV reported by Musgrove et al.^". 

CONCLUSION 

We have used an experimental method to determine s-wave 
resonances in structural materials which is completely indepen
dent from LINAC experiments. Capture of scattered neutrons 
is discriminated by time of flight and multiple scattering 
is reduced to '\'20 % by the use of thin samples. 
The results obtained for ^'Al, ^"Fe and 5«'^°Ni have a 
statistical accuracy of "^2 % and a remaining systematic uncer
tainty of the order of 5 %. 
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Discussion 

QUESTION: F. Corvi 
I was a bit surprised that you could fit the high energy part of the ^^Fe 
capture spectrum. Do you include a valence contribution? 

ANSWER: K. Wisshak 
No, this is strictly a statistical calculation, no valence contribution. It 
is known that the 27.7 keV resonance has a relatively soft spectrum. Only 
15% is going to the ground state. 

QUESTION: R. Block 
How does your radiation width for the 12 keV resonance in '̂̂ Ni compare to 
the RPI result (as published in Nuclear Physics)? 

ANSWER: K. Wisshak 
The value quoted by Stieglitz et al. for the 12.5 keV resonance in ^°Ni is 
3.3 ± 0.3 eV, this is the value quoted in BNL 325. This is slightly larger 
than the value of 2.9 eV obtained in the present work. 
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EVALUATION OF THE RADIATION WIDTH OF THE 27.7 keV RESONANCE IN ̂ ^Fe* 

by 

B.J. Allen 
AAEC Research Establishment, 

Lucas Heights Research Laboratories 
Private Mail Bag 

Sutherland, NSW, 2232, Australia 

Abstract 

A critical review is given of measurements of the 
radiation width of the 27.7 keV resoncince in ̂ ^Fe. 
An evaluation of results yields a recommended value 
of r^ = 1.00 ± 0.04 eV for this resonance. 

I. Introduction 

The status of resonance capture data for ^^Fe was reviewed by Frtfhner̂  ' 
at the conclusion of the 1977 Specialist Meeting on Neutron Data of Struc
tural Materials for Fast Reactors at Geel, Belgium. Large uncertainties in 
the pairajneters of the 1.15 and 27.7 keV resonances were noted, with consequent 
effects on the fast reactor temperature coefficient cuid the transmission 
window produced by resonance-potential interference of the 27.7 keV s-wave 
resonance. This resonance alone is estimated to contribute ~ 14% to the 
total absorption of neutrons in iron in a fast reactor spectrum. 

Since the Geel meeting two Linac measurements have been finalised, and 
a new Linac and two Van de Graaff measurements have been reported. A wide 
range of detection amd accelerator techniques have been applied to the measure
ment of ^^Fe capture, particuleurly at the 27.7 keV resonance. In this paper 
both recent emd early measurements of this resonance are critically reviewed 
in an endeavour to resolve the Veuriation by up to a factor of two in reported 
radiation widths. 

The 27.7 keV resonance has a neutron width of ~ 1.5 keV, and a capture 
to scatter ratio of only ~ 6.10"**. Consequently, careful corrections are 
needed to allow for the sensitivity of the capture detectors to resonance 
scattered neutrons*^'. In Linac measurements, the resonance scattered neutron 
events are unresolved in time from the capture y-rays, and cause a prompt 
background (PBG). This may not be the case in Van de Graaff measurements ̂-̂  ̂  , 
where the scattered neutrons are readily resolved by time of flight discrimi
nation. 

Three types of y-ray detectors have been used in the Linac and Van de 
Graaff measurements. Liquid scintillator tanks^'*'^'^) operate at a high bias 
of 2-3 MeV, and the pulse height spectrum has to be extrapolated to zero 
energy. Spectral data and y-ray decay models are therefore needed to allow 
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appropriate corrections for soft (e.g. Ag, Au) and hard (e.g. Fe) capture 
spectra. These corrections were applied in all the scintillator tank measure
ments reported in this paper. Pulse height weighting methods are also used 
with small solid angle, liquid scintillators (e.g. CeFg, C6De)(7,8) to achieve 
an efficiency proportional to the total energy of the capture reaction. 
These detectors operate at a threshold of a few hundred keV and are therefore 
independent of spectrum variation. In principle the Moxon-Rae detector^ ' ' 
10,11,12) ĵg ̂ î so a total energy detector but departures from the required 
linearity of efficiency per MeV are found for carbon converters^ ' ' and, 
to a much lesser extent, for the carbon-bismuth converter(^'. Corrections 
for this non-linearity depend on the capture spectrum and calculated and 
experimental efficiency curves. 

A considerable variance in the Moxon-Rae spectr\am correction for a 
graphite converter is found for the 27.7 keV Fe resonance measured relative 
to gold. A 4% variation in the efficiency can arise from uncertainty in the 
Fe spectrijm, particularly for the intensity of transitions to the ground and 
first excited states. However, the evidence now points to Ty^ = 0.14 ± 0.03 
eV (Allen et al. ̂  ̂  and references therein for (n,Yo) and (Yo»n) data), 
reducing the above uncertainty. 

Allen et al.̂-'--'-' used the average efficiency per MeV from Iyengar et 
al.̂ -'--̂ ) and Macklin et al.^^^ whereas Wisshak & Kappeler(-'•̂ ) estimated their 
correction with the efficiency of Malik & Majkrzak̂ -'- ' . When the 30 keV Au 
spectrum of Bergquist & Starfelt'-'•̂ ' is used, the correction factor of ~ 4% 
for the Malik efficiency (•'-̂) increases to ~ 9% for the lyengar-Macklin 
average. Clearly this situation is most unsatisfactory and further effic
iency studies are needed. For the present evaluation, a correction factor of 
1.06 ± 0.03 is applied to the Fe/Au results from Moxon-Rae measurements with 
a graphite converter. 

II. Measurements 

(a) R.L. Macklin et al. (1964) [ref. 3] . This Van de Graaff measiirement, 
although free from PBG, had poor timing resolution and the 22.7 keV resonance 
was not resolved from the 27.7 keV resonance. 

The cross section measurement used Moxon-Rae detectors with C-Bi con
verters (̂', and was insensitive to the hardness of the y-ray spectra of the 
Fe resonance relative to that of the Ta standard. The Ta cross section at 30 
kev was calculated to be 803 mb, and is in agreement with current e^ecta-
tions. Average path length and resonance self shielding corrections were 
applied to the data, but a Monte Carlo analysis of the 27.7 keV capture yield 
was not undertaken. 

The next three measurements (see b, c, d below) were in good agreement 
with the 27.7 keV radiation width as measured by Macklin et al., but the p-
wave group at 34.2, 36.6, 38.4 keV appears to have been over-estimated in 
relation to all subsequent measurements by a factor of 1.59. 

Accepting then that the p-wave group at 34.38 keV was over-estimated, 
the data can be renormalised by this factor to obtain rY(27.7) = 0.95 ± 0.27 
eV, assuming a 20% systematic error in the normalisation procedure. 
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(b) R.W. Hockenbury et al. (1969) [ref. 4 ) . In principle, this liquid 
scintillator tank measuronent was subject to PBG. However a measurement at 
88 keV gave a very low value of 10~^ for the scattered neutron sensitivity. 
The 27.7 keV resonance was measured for three S2unple thicknesses and shape 
fitted with a Monte Carlo code, using a rather large value of F^ = 1670 eV. 

(c) A. Ernst et al. (1970) [ref. 5]. A PBG component can also be present in 
this liquid scintillator tank measurement with a Vem de Graaff accelerator. 
No correction was made for this but the resonance area was analysed by Monte 
Carlo code amd included a 59% correction for multiple scattering. 

F.H. Frtfhner (1979) [ref. 16]. A re-evaluation of these data included 
multi-level shape ainalysis emd a 6% correction for the PBG. The neutron 
width used was Tj^ = 1400 ± 200 eV. 

(d) B.J. Allen et al. (1976) [Al - ref. 7,17). The CeFe detectors (with 
pulse height weighting) used in this Linac measurement are known to be quite 
sensitive to resonance scattered neutrons which can capture in the 27.06 keV 
resonamce in fluorine, although 90° single scatters will fall below this 
resonamce. The s-wave data of ref. 7 were re-analysed^^ ' using the Monte 
Carlo PBG method^^' and a slightly modified value is given here. The PBG 
coa^>onent of the observed resonance yield was estimated to be 37% and the 
multiple scattering correction was 18%. 

(e) D.B. Gayther et al. (1979) [ref. 6] . The liquid scintillator tank used 
in this Linac meas\irement featvured a Be through-tube lined with ^^B, and the 
addition of 10% by volume of methyl borate to the liquid scintillator. The 
tank was operated at a bias of 2.5 MeV to eliminate capture y-rays in the 
tcmk. These measures should reduce the scattered neutron sensitivity of the 
detectors, which was estimated to be 10'**. Measurements were made for two 
target thicknesses of em elemental sainple, with Monte Carlo shape emalysis. 
A final, modified value is also given in table 1 (priv. comm. - M.C. Moxon). 

(f) M.C. Moxon (1965) [ref. 10]. The upper limit reported in this Moxon-Rae 
measurement has been corrected for p-wave resonemces emd the PBG. However 
the carbon converter used in the detectors requires a further correction for 
the difference in response for the Au/Ag and Fe y-ray spectra (see preceding 
discussion) and increases the radiation width by a factor of 1.06 ± 0.03. 
Note however that the uncorrected value for the ^ ^ e thermal capture cross 
section was in good agreement with the recommended value, casting doubt on 
the validity of the spectral correction. 

(g) B.J. Allen et al (1980) [ref. 11]. As part of a study of the radiation 
widths of neutron scattering resonances, the 27.7 keV resonance was measured 
with Moxon-Rae detectors relative to Au with a Van de Graaff. Both C and C-
Bi converters were used in simultemeous measurements but were not separately 
emalysed. The capture yield was fitted in a Monte Carlo analysis which 
accounted for large self shielding and multiple scattering corrections. A 
correction was also made for the difference in detector response to the Fe 
and Au y-ray spectra but a revised value is given here which is consistent 
with the discussion in the preceding section. Time-of-flight discrimination 
eliminated the PBG problem. 
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(h) K. Wisshak & F. Kappeler (1981) [ref. 12] . A similar but more accurate 
measurement than that in ref. 11 was made on three thin samples with improved 
timing to permit a shorter flight path and higher y-ray yield. Corrections 
for the non-linear efficiency of the carbon converter were calculated but 
considered to be insignificant. A correction of 1.06 ± 0.03 has been applied 
in line with the preceding discussion. 

(i) A. Brusegan et al. (1980) [ref. 8]. CeDg detectors (with pulse height 
weighting) in an open beam geometry were used in this Linac measurement. A 
PBG correction was not made but is expected to be much smaller than that for 
ref. 7. Normalisation was made via the 1.15 keV resonance for T^ = 58 MeV. 
A final value(1^^ is given after reanalyses with REFIT and FANAC programs, 
and assuming a 5% systematic error in the normalisation. 

III. Discussion 

The first four measurements (•̂'̂'̂'•'-̂) appeared to define the radiation 
width quite well with only a 6% SD, i.e. Ty = 1.49 ± 0.09. This happy situ
ation crumbled at the Geel meeting in 1977, with the new results of Gayther 
(1979)^^^. Subsequent measurements contributed to a much reduced average of 
Ty = 0.84 + 0.09, and it is necessary to reconcile the wide range of values. 
This is achieved by first noting the high consistency of the 34-38 keV group 
of Z>0 resonances. With the exception of Macklin (1964) ^^K the standard 
deviation of the sum of gr^ Tĵ /r for these resonances is 8.3%, and implies 
that there is not a significant normalisation problem. 

The next problem is the PBG correction. The Moxon-Rae Van de Graaff 
meas\irementŝ '̂•'••'•'•'"' are not subject to this effect and from these (using 
the modified values) the weighted average and standard deviation is Ty = 
1.00 ± 0.09 eV. The Moxon-Rae average is 25-60 per cent lower than the early 
corrected Linac measurements^ ' ' ' which were all experiments subject to a 
prompt background in s-wave resonances which had, in all likelihood, been 
underestimated. These results are therefore excluded from further consider
ation. 

Whereas a PBG will be present in the later Linac results' ' ' ^ there 
is no evidence to indicate that it is at all significant. On the contrary, 
using the modified and/or final values, the weighted mean of Ty = 1.01 ± 0.05 
eV for this group is in good agreement with the Van de Graaff set. There is 
no a priori reason for further discrimination and the weighted mean and 
standard deviation for both groups is Ty = 1.00 ± 0.04 eV. This new deter
mination is more consistent with relative and absolute y-ray spectrum measure
ments of the 27.7 keV resonance, and with results for the inverse photoneutron 
reaction ^^Fe (y^, n) ^^Fe, as discussed in ref. 11. 

The radiation width of the 27.7 keV resonance in ^^Fe represents the 
state of the art for capture in neutron scattering resonances, and, as such, 
could be taken as a secondary standard or bench mark for both linac and Van 
de Graaff measurements of this kind. The lack of such a standard has un-
doiobtedly caused considerable uncertainty in s-wave radiation widths, par
ticularly in the structural materials, over the past decade. 
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TABLK 1 

CAPTURE MEASUREMENTS AT 27.7 keV 

Expt. 

a) Macklin(64) 

m 

b) Hockenbury(69) 

c) Ernst(70) 

ref. 

3 

4 

5 

For 

det. 
accel. 

MR 
VdG 

LST 
Linac 

LST 
VdG 

errors 1 

103 

atom b~ ̂  

6.54 

54.0 
6.8 
6.3 

9.9 

.50 (30) = 1.50 

PBG 

No 

Yes 

Yes 

r^ eV 

27.7 

1.50(30) 

0.95(27) 

1.44(14) 

1.40(20) 

1 ± 0.30 

34.2 

0.59(7) 

0.55(7) 

gr^ r^/r ev 

36.7 38.4 

0.30(3) 0.46(5) 

0.30(4) 0.34(5) 

(34-38) 

1.9(3) 

1.35(9) 

1.19(10) 

Fr8hner(79) 

d) Allen(76,79) 

e) Gayther(79) 

final 

f) Moxon(65) 

m 

g) Allen (80) 

m 

h) Wisshak(81) 

m 

i) Brusegan(80) 

final 

16 

7,17 CgFe 
Linac 

6 LST 
Linac 

8.2 

51.0 
17.0 
4.1 

1.25(20) 

Yes 1.60(30) 0.66(7) 0.28(3) 0.38(4) 1.32(9) 

10 MR 16.9 
Linac 3.6 

1.3 

11 MR 18.5 
VdG 

12 MR 
VdG 

8 CgDe 
Linac 

18 

5.3 
2.6 
1.4 

15.0 

Yes 0.89(13) 0.52(8) 0.24(4) 0.33(5) 1.09(10) 

0.85(13) 

Yes <1.3 
0.75(23) 

0.80(25) 

No 0.82(11) 1.19(15) 

0.78(11) 

No 1.01(5) 0.52(5) 0.32(5) 0.31(5) 1.15(5)* 

1.07(6) 

Yes 0.80(20) 0.54(8) 0.23(3) 0.34(5) 1.11(10) 

1.04(6) 

m - Values modified in this paper. 
PBG - Prompt background; VdG - Van de Graaff accelerator. 
Linac - Linear accelerator; MR - Moxon-Rae; LST - Liquid scintillator tank. 

CeFSf CgDg - Liquid scintillators with pulse height weighting. 
* - Systematic error. 
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MEASUREMENTS SINCE BOLOGNA 
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Abstract 

Differential capture cross section measurements of fission 
products are reviewed for the time period since the 1979 
Bologna Specialist's Meeting on Neutron Cross Sections of 
Fission Products. Fission product capture data from nine 
laboratories In seven countries have been reported, and 
these results are discussed in regard to fast reactor 
applications. 

I. Introduction 

I have been given the task of reviewing the progress of fission product 
capture measurements since the 1979 Bologna Specialist's Meeting on Neutron 
Cross Sections of Fission Product.^^^ However, before I plunge into the de
tails of this progress, it is perhaps better to review first the situation 
at the conclusion of the Bologna meeting. In Table 1 I have summarized the 
request, status and action for fast differential fission product capture data 
which was made by the working group at the 1979 meeting.(') Thirty four en
tries are listed in this table, referring to the 34 separate categories of 
fission product data which were summarized as the roost Important for fast 
reactor applications. Of these 34 requests, approximately 11 were considered 
completed and 23 still required additional measurements. Of those requiring 
additional measurements, 9 were requests for radioactive nuclei and 14 for 
stable isotopes. 

Thus, one measure of the progress since Bologna is to review what new 
measurements have been reported in the remaining 23 requests that were not 
met. I have written friends and colleagues requesting information on their 
recent fission product capture measurements and I ha/e spent some time in the 
library searching for recent publications. Although I do not claim I have 
found all of the recent experimental results, I do feel that I have found a 
significant fraction of them and that I can draw some conclusions from my 
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survey. Nine laboratories from 7 countries have reported recent measurements 
on 38 fission products. Of these, 10 measurements were made upon a total of 
8 nuclei which are listed in Table 1. These nuclei are indicated by the as
terisk (*) in the first column of the table. All but one of these 'important' 
measurements were for stable nuclei. The experimental techniques were very 
similar, if not identical, to the techniques used in the pre-Bologna days. 
In addition, several laboratories who have been active in fission product 
measurement, such as Rensselaer Polytechnic Institute, are no longer making 
these measurements, probably as the result of funding restrictions and 
programatic changes. 

I therefore conclude that the emphasis on fission product capture differ
ential measurements is diminishing. Of a total of 38 reported new measurements, 
only 10 or the order of 20% addressed the important needs of the fast reactor 
program, and only one of these measurements was for a radioactive nucleus. 
Many of these measurements were for only a few energies and did not address 
the energy ranges required. Perhaps there are as yet unreported activities 
which could change these conclusions, but as of the writing of this paper 
I see a diminishing emphasis in this area of research. 

II. Recent Capture Measurements 

The fission product capture measurements reported from the nine labor
atories are summarized in Table 2 according to the laboratory, or country, 
in which the measurement was carried out (column 1), the experimental method 
used (column 2), the isotope of naturally abundant element that was measured 
(column 3) and the neutron energy range, or discrete neutron energies, repor
ted (column 4)• 

The results of these measurements are as follows: 

(1) Oak Ridge National Laboratory (ORNL) — Neutron capture cross sec
tion measurements have been reported for ^^Kr up to 90 keV; ^^Tc, ^°^Ag and 
109Ag from 2.6 keV to 2 MeV, and l̂ Ĉs from 2.6 keV to 600 keV. 'These mea
surements were carried out by time-of-flight (TOF) at the ORELA linear accel
erator with two CgFg weighted-spectrum scintillator detectors located about 
the samples at a flight path of 40.12 meters. The neutron flux was measured 
with a Li glass scintillator and capture normalization (i.e. product of 
neutron-flux-times-capture-efficiency)was made with saturated capture in the 
4.9 eV Au resonance. An overall uncertainty of the order of 3 to 5% (la) is 
quoted for the errors based on relative capture efficiency, relative neutron 
flux, and normalization. In the higher energies counting statistical errors 
become important. 

For 86Kr the capture data were analyzed up to 90 keV, whereas the trans
mission data indicated 41 resonances up to 400 keV.(3) xhus, only a limited 
number of resonances were observed in capture, and the authors estimate that 
the effective capture cross section calculated over a Maxwelllan energy dis
tribution and from the resonance data resulted in an estimated uncertainty 
of less than 30%. A total of 183 resonances were resolved in the capture 
measurements upon 99TC between 2.6 and 5.1 keV, and capture areas under these 
resonances were determined.(4) The capture data were averaged over 21 energy 
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groups between 3 keV and 2 MeV, and these data are plotted in Fig. 1 along 
with the evaluated JENDL-1 and ENDF/B-V (mod I) data. As can be seen in Fig. 
1, the new experimental data fall between the two evaluations below 40 keV, 
but agree better with JENDL-1 evaluation between 40 keV and 700 keV and with 
the ENDF/B-V (mod 1) evaluation above 900 keV. It would appear, based on 
these measurements, that the ^^Tc capture cross section evaluation should be 
reviewed. 

Preliminary measurements have been reported for ^ ̂ ^Ag and '̂̂ Âg, and 
the group-averaged cross section for '°^Ag is shown in Fig, 2 along with the 
ENDF/B-V and JENDL-1 evaluations. Here the recent experimental results fall 
below both evaluations below 300 keV, although the data lie closer to the 
ENDF/B-V evaluation. Although the experimental data agree with ENDF/B-V in 
the limited energy range from about 300 to 800 keV, the experimental data 
decrease monotonically above this energy while both evaluations develop a 
shoulder near 2MeV. This lack of a high-energy shoulder in the experimental 
data suggest that the evaluation be reviewed. 

In the measurements of ^^Cs a total of 167 resonances were resolved up 
to 6 keV, and the average cross section was determined for 17 energy groups 
between 3 and 600 keV.^°) The group averaged data are plotted in Fig. 3. As 
can be seen in Fig. 3, the recent data are in good agreement with the JENDL-1 
evaluation and slightly poorer agreement with ENDF/B-V. Although Macklin's 
recent results are in good agreement with the JENDL-1 data, which was strongly 
Influenced by the measurements reported at Bologna by Asami and Yamamuro,^'5 
the expected strong onset of Inelastic scattering above 600 keV would make 
an extension of these measurements to higher energies desirable to provide a 
guide to the higher energy evaluation. 

(2) Kemforschungszentrum Karlsruhe (KFK) — Capture cross section mea
surements were carried out with the Karlsruhe 3 MV pulsed Van de Graaff accel
erator using the ^Ll(p,n) reaction, the TOF method and a Moxon-Rae detector 
with a graphite converter.(8) Measurements were reported(^'from 10 to 70 keV 
for fission product nuclei ^^Np and ^^^Rh. These measurements were normalized 
to capture in Au, and the total uncertainty Is estimated at '^% for most of 
the data. The results are plotted In Figures 4 and 5, respectively, for ^^Nb 
and ^°3Rh, along with other recent measured data,(10,11,13-15) the ENDF/B-V 
and RCN(12) evaluations, and a theoretical fit based on Hauser-Feshbach and 
optical models. The experimental error bars Indicate only the uncertainty 
in the ratio of capture to that of Au. 

The results for ^^Nb in Fig. 4 show that all the experimental results are 
very close to each other, and since these results were obtained at different 
laboratories and with different detectors and standards, one may conclude 
that the capture in ^^Np appears known to the order 5 to 10%. The RCN eval
uation lies only slightly above the experimental data below 20 keV, but the 
ENDF/B-V evaluation falls well below the measured data and consideration 
should be given for a reevaluation. In Fig. 5 where the ^°^Rh results are 
displayed, the new experimental data fall slightly below the bulk of the 
other experimental data, but still the agreement is within the 10% range. 
Below 20 keV the RCN evaluation appears to pass through the center of all of 
the experimental data while the ENDF/B-V evaluation favors the Hockenbury 
et al.(13) and Macklin and Halperln'15) data more. 
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The calculated cross sections, shown as the solid curves in Figures 4 
and 5, were determined by a consistent set of parameters which fit a large 
amount of data in this mass range. Although the calculated curves do not 
pass through the center of the experimental data, they certainly fall within 
the error bands that are suggested by the clustering of the different sets 
of measurements, and this approach then provides a consistent data base for 
reliable model calculations. 

Activation measurements using the '̂ Li(p,n) reaction and the Van der Graaff 
accelerator were reported at 25 keV,(^6) xhe capture cross sections of the 
fission products, ^^^xe, IS'+Xe, l̂ aĝ ^̂  ISlgu, ISS^d and ^^^Gd were determined 
relative to capture in Au; the quoted uncertainties ranged from 6 to 9%. 

(3) Central Bureau for Nuclear Measurements, Geel (CBNM) —Average capture 

cross section measurements have been carried out on isotopically enriched 
samples of lÔ p̂ j ̂ nj lOSpj ̂ ^ tĵ g Gelina facility at Geel.Cl^) The measure
ments spanned the energy range from 10 eV to 600 keV and both L̂i and^^s were 
used to determine the neutron flux. Normalization was made to low-energy 
resonances in ^OSpj where the resonance parameters are well known. These 
results will be presented at this meeting. 

(4) Bruyeres-le-Chatel (BRC) — Neutron capture cross sections have 
been reported at selected energies between 0.5 and 3 MeV for zirconium, 
lanthanum and terbium, (l^'l^) The measurements were carried out with the 
pulsed 4 MV Van de Graaff accelerator, a '7Li(p,n) or T(p,n) target to produce 
pulses of monoenergetic neutrons, the TOF method to suppress gamma-ray back
ground, and a Nal detector surrounded by annular Nal to detect capture gamma 
rays. "0»21) Both anti-compton and first-escape pulse-height data are re
corded, and the data were unfolded to produce both the capture spectrum and 
the capture cross section. Uncertainties of the order of 10% have been re
ported for these measurements. 

The capture cross section for the fission products Zr and Tb are shown 
in Fig. 6 (along with data for Sc and Re). The Zr experimental data appear 
discrepant by 30 to 50% in the overlap region of the BRC data from 0.5 to 
1 MeV, and it is difficult to evaluate the impact of the BRC data here. 
However, the BRC datum at 2.5 MeV does serve to guide the evaluation in the 
high energy region. Indeed, the evaluation of Benzi et al.'^^^ passes very 
close to the 2.5 MeV point. The Tb (or 159xb, since this element is mono
isotopic) data appear to follow the low-energy trend of the experimental 
data from other laboratories. The solid curve is an eyeball fit to the BRC 
data, and this is compared with the Benzi et al. and ENDF/B-IV evaluations. 
Below 1 MeV the experimental data fall between the two evaluations, while 
near 3 MeV the Benzi et al. evaluation comes closer to the BRC results. 

In addition to determining the capture cross section, the BRC measure
ments also provide information on the capture gamma ray spectrum. From 
these data the gamma-ray strength functions of ^^Nb and IBOxb have been de
duced.*- ^) This information adds to the consistent set of data from which 
the model calculations, such as used at Karlsruhe(9)and Argonne, (24) ^^^ ^e 
used to provide a better overall evaluation of the experimental data (where 
such data exist) and in the region where no experimental data exist. 
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(5) Institute For Nuclear Research, Warsaw — Neutron activation mea
surements were made with neutrons from the T(p,n) reaction using a 3 MV 
Van der Graaff ai-celerator. (̂^̂  Data are reported at neutron energies of 
0.53 ± 0.14, 0.86 + 0.21, 1.20 ± 0.15 and 1,31 ± 0.07 MeV for the fission 
product (target) nuclei ^He, ^^Se, ^^se, lOSpj^ l^Opd, ^̂ '•Cd and ^^^Cd, 
Uncertainties of ^OZ are indicated for these result.s. 

The authors did not compare their results with evaluated data, although 
they did note that their ®^Se cross section is about half of that reported 
by Tolstikov et al.(^°'^'' but that they are in agreement with the results 
of Lindner et al.(28) for n«»C(j ̂ ^d with the results of Weston et al.(29) fo^ 
lOSpd. The main thrust of this research was to compare their measured cap
ture cross sections with calculations based on the statistical model accord
ing to the approach of Tepel et al.(30) Although the authors did get 
reasonable fits to their data, it would be interesting to see how their data 
compare to the bulk of the measured, evaluated and calculated data in the 
mass range of their data. 

(6) Japan Atomic Energy Research Institute, Tokai (JAERI) — Capture 
cross section measurements were carried out by the TOF method at the JAERI 
linac with a 3500 liter liquid scintillator detector located at their 52 meter 
flight path.(7,31) Both ^Ll and ^°B was used to determine the relative neu
tron flux, and normalization was by the saturated capture method. Recent 
measurements have been reported for enriched isotopes of '̂'̂ Ag and ^®®Ag over 
the energy range 3.2 to 700 eV.(32) xhe average capture cross sections of 
"̂''Ag, ^"^Ag and "^^^g are listed in Table 3 for 36 energy groups. In Table 
4 are listed the uncertainties, and in Table 5 are listed the covariance 
matrix for these data. 

The JAERI results for natural Ag and lÔ Ag are in good agreement with 
earlier data. However, their 109Ag results lie between two previous dis
crepant measurements, 30% higher than those of Weston et al.(29) and 35% 
lower than those of Kononov et al.̂ -'-̂ ^ However, these new results are in 
fairly good agreement with the recent ORNL results.(5) 

(7) Kyoto University Research Reactor Institute (KURRI) — Capture 
cross sections were made by the TOF technique using the 46-MeV linac and a 
pair of pulse-weighting CgDg detectors at an 11.7 meter flight path. The 
neutron flux was determined relative to ^ °B(n,ory) . (̂  "H) Measurements were 
also made near 24 keV with an Fe-filtered TOF beam, and the continuous TOF 
data were normalized to the 24 keV data.(-'^' A measurement has been reported 
for ^^%o over the energy range from 3,2 to 80 keV, (H) The capture cross 
section results are shown in Fie. 7 along with the experimental data of Konks 
and Fenin,(^5^ Asghar et al,,(36) Czirr and Stelts(37) and Macklln(38) and 
the ENDF/B-IV evaluation. The agreement between these sets of experimental 
results is within the order of 10%. 

Additional measurements using 24 keV Fe-filtered and 55 and 146 keV 
Si-filtered beams are also being used for capture measurements.(39) Measure
ments of the relative capture cross section at these three energies have been 
reported for ^^Nb, ^^"^l, ^^^Cs and ^^^Vo. 
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Gamma ray spectra have been determined by unfolding the C5D5 pulse-
height data, and this again provides useful information on the capture mech
anism for these fission product nuclei.(^^^ The spectrum obtained for neu
tron capture between 1,5 and 75 keV are shown in Fig, 8. The solid curve is 
calculated assuming pure electric dipole transitions and using the giant 
resonance parameters from Berman, Ĉ i-' the level density formulation of 
Gilbert and Cameron(^2) and one pigmy resonance. The measured spectrum ex
hibits the same bump near 5 MeV that has been observed by Bergqvist et al,(^3) 
and Brzosko et al,('^^) 

(8) Tokyo Institute of Technology — This group has recently installed 
a 3MV Pelletron accelerator. Neutron capture measurements were reported for 
^^%o at 200, 300, 460 and 610 keV using a novel pulse-height weighting de
tector and normalizing relative to capture in Au,(^^) The detector consists 
of an annulus of NE-213 which has an inner diameter of 17 cm, an outer di
ameter of 37 cm and is 13 cm long. An annular graphite sleeve of 7 cm inner 
diameter and 19.5 cm long is located inside the NE213 annulus. The graphite 
liner serves as a gamma ray absorber much in the same sense as the graphite 
liner in a Moxon-Rae detector, and like the Moxon-Rae detector this detector 
has an almost linear weighting function. The experimental results are shown 
in Fig, 9, along with the data of Johnsrud et al,,(^") Brzosko et al,,(^^) 
Czirr et al.(37) and Macklin and Winters, (̂ 7) An overall uncertainty of '^57o 
is estimated for the annular detector data, and the agreement is quite good 
with the Johnsrud and Macklin data, 

(9) India Institute of Technology (IIT) — Activation measurements have 
been reported for '^^Ga, ""Se, ^"^Ag, ^^ ̂ Pd and IS'+Sm at 388, 415, 460 and 
650 keV using the T(p,n) reaction and the IIT Van der Graaff accelerator. (̂ 8) 
An overall uncertainty between 6 and 20% is quoted for these results. 

III, Status of Fast Capture Requests 

The eight nuclei measured which were on the Bologna workshop list (2) 
are 99TC, ^^^Td, lO^Ag, 127^^ 133cs, 132xe, ISZg^ ^nd ISlgu. Although it 
will require a thorough evaluation of all of the data to see if these recent 
measurements satisfy the requests, it is still worthwhile to speculate on 
their impact. The 99TC data from ORNL(^) will have to be compared with the 
measurements of Little and Block(^^9) g^d Chou and Werle(^O) to see if the 
present discrepancy can be resolved to the requested 10% requirement. The 
higher energy range of the ORNL data should provide a good benchmark for the 
evaluation. The ^°^Fd data from C B N M ( 1 7 ) will be presented at this meeting, 
and it remains to be seen if the requested 10% requirement will now be met. 

The 10 9̂ g results from ORNL(5) and JAERI(^2) ^ppg^r to be in good agree
ment, and together with earlier measurements may be able to resolve the 
existing discrepancies and satisfy the 10 to 20% request. For 127i ^^ly ^^g 
ratio of capture cross sections was provided,(39) but the quoted errors are 
yiand may provide enough information to satisfy the 10% request. However, 
It IS very doubtful that these data can satisfy the 5% request. The capture 
cross section of I3 3cs has been measured by TOF at ORNL(6) and ratios at 
three energies at KURRI, (39) ^^^ it is possible that the 10% request may now 
be satisfied. The 132xe (request: 30%), ^^l^ra (request: 20%) and l^lgu 
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(request: 5%) were addressed by KFK measurements at 25 keV only,( ' These 
measurements may help satisfy the ^^^Xe and ^^^Sm requests, but it appears 
doubtful that the ^^'Eu request is now met. 

IV. Conclusions 

I have reviewed post-Bologna measurements of 38 fission products from 
9 laboratories, and only the order of 20% of these measurements were concerned 
with the high priority requests for fast reactor applications.(2) Only one 
radioactive nucleus was measured, ^^Tc, and this nucleus presents few problems 
to most capture detectors. No effort seems to have been made to do the more 
difficult capture measurements, both from the standpoint of getting an ade
quate sample or by designing a detector to handle the activity. For example, 
a gamma-multiplicity detector, such as the Romashka detector developed at 
the Kurchatov Institute(^^'or the Crystal Ball detector developed at SLAC,(52) 
might be useful to select high-multiplicity capture events from low-multlclplicity 
gamma rays from a radioactive sample. However, it is the opinion of this 
author that it Is quite likely that there may not be sufficient funding to 
carry out some of these more difficult measurements in the near future. 

In conclusion, I want to thank the organizers of this meeting for the 
opportunity to present this paper and ray special point of view. 
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Table 1. Request, Status and Action for Fast Differential Capture Data 

(As summarized at 1979 Specialist's Mtg. on Fission Product Nuclei) 

Action 

Measure above lOOkeV 

Measure above lOOkeV 

Reevaluate 

Resolve discrepancies 

Measure from 1 to 500keV 

Nuclide 

1 , " 2 , 

95 
2. ^^Mo 

97 
3.. ^^Mo 

4. ^^Mo 

99 
5. ^^Mo 

6. Mo 

7.* ^^Tc 

8. lO^Ru 

9, ''hu 

10. ^^\u 

11. ''\u 

12. ^^\U 

13. ^^hh 

14.* ̂ °^Pd 

15. 107p^ 

16.* ̂ ° % 

17.* ^^^I 

18. ^29i 

19. ^^^Xe 

20.* ^^^Xe 

21.* ^^^Cs 

22. -̂̂ Ĉs 

23. ""̂ L̂a 

Request 

20% 

10% 

10% 

20% 

[p(t)] 

20% 

10% 

10% 

20% 

20% 

20% 

10% 

10% 

10% 

10%-20% 

10% 
5% 

20% 

20% 

30% 

10% 

10% 

20% 

Status 

Not met 

New data, but not met 

New data 

New data 

Not met 

New data 

New data 

Not met 

New data 

New data 

New data 

Not met 

Many discrepancies in 
keV region; not met 

Status 20% 
New data 

Not met 

Not met 

Not met 

Not met 

Not met 

Met 

Reevaluate 

Measure from lOOeV to lOeV 

Need more keV data for 
secondary standard 
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Nuclide Request Status Action 

24, 

25. 

26. 

27. 

28. 

29. 

30. 

31.* 

32. 

33.* 

34. 

141p, 

143-150^^ 

'''?^ 

^'^P^ 

l̂ P̂n, 

l«Sm 

5̂1sm 

152s„, 

1 " E U 

151EU 

1 " E U 

^ " E U 

l^Eu 

Eu(nat] 

''hu 

20% 

10%(BU) 

10% 

[P(t)] 

10% 

10% 

20% 

20% 

5% 

20% 

5% 

20% 

? 

20% 

Probably met 

Status 15% 

Not met 

Probably met 

No data 

New data, but 
discrepant 

No keV data 

New data (not met) 

New data, but 
discrepant: not met 

New data, not 

New data 

New data 

Not met 

met 

keV data required 

Reevaluate 

Resolve discrepancy; 
one measurement at 
'vlOO keV 

PHENIX data made ava 

*New measurements reported since Bologna 



Table 2. FP Capture Measurements (Reported After the 1979 Bologna Meeting) 

Laboratory ^̂ ethod Nuclei 

ORNL 

KFK 

Linac,TOF,C^F^ det. 

VdG,TOF,Moxon-Rae det. 

VdG, Activation 

'^Kr,''jc,''hg,''\,:'\s 

^32.134x3j523^J5l^^J58.l60e^ 

Neutron Energy 

2.6keV-2000keV 

10keV-70keV 

25keV 

CBNM Linac,TOF,CgDg det. 

Bruyeres-le-Chatel VdG,TOF,Nal det. 

VdG, Activation Inst. 
Res., 

JAERI 

KURRI 

Nuclear 
, Warsaw 

105p,J08p, 

7 139, 159^, 
Zr , La, Tb 

Linac,TOF,Large s c i n t . det . ^ ° ^ A g , ^ ° % 

Linac,TOF,CgDg det . 

.OlkeV-SOOkeV 

0.5 ,0 .7 , l ,2 ,2 .5 ,3MeV 

78,80,825^J08,110p^J14,116c^ 0 .5 ,0 .9 ,1 .2 ,1 3MEV 

3.2keV-700keV 

3.2keV-80keV 

24,55,146keV 

Ul 

o 

Tokyo Inst.Tech. VdG,TOF, C + scint. det. 165 Ho 200,300,460,610keV 

India Inst.Tech. VdG, Activation 6SGa,80seJ''%,"°Pd.l5''sm 388,415,460,650keV 
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T a b l e ) . Avi-tage C a p t u n - ( ' r o s s S i - i t l o n s ol A^, A)' .iixl " Aj; 
(32) 

E 
(keV: 

3.2 
4 
5 
6 
7 
8 
9 
10 
12 
14 
16 
18 
20 
25 
30 
35 
40 
45 
50 
60 
70 
80 
90 • 
100 
120 
140 
160 
180 
200 
250 
300 
350 
400 
450 
500 
600 

^ 

-
-

-

-

-
-
-

-
-

-

-

-
-

-
-

-

-
-

-
-

-

-
-
-

-

• -

-
-
-

-
-

-
-

-

— 

• 

4 
5 
6 
7 
8 
9 
10 
12 
14 
16 
18 
20 
25 
30 
35 
40 
45 
50 
60 
70 
80 
90 
100 
120 
140 
160 
180 
200 
250 
300 
350 
400 
450 
500 
600 
700 

lo: K 
Ag 

(barn) 

1.810 ( 
1,765 ( 
1.568 ( 
1.490 ( 
1.246 ( 
1.407 < 
1.352 ( 
1.186 ( 
1.138 ( 
1.068 ( 
1.062 ( 
1.037 { 
0.963 ( 
0.911 { 
0.825 < 
0.762 { 
0.683 ( 
0.679 ( 
0.593 < 
0.554 < 
0.525 < 
0.484 ( 
0.451 { 
0.403 { 
0.366 ( 
0.347 < 
0,314 { 
0,292 ( 
0.271 ( 
0.246 { 
0.230 ( 
0.193 ( 
0.177 ( 
0.142 ( 
0.113 ( 
0.094 ( 

:o.9; 
.0.5: 
:o.5: 
:o.5: 
:o.6: 
:o.5: 
:o.6: 
:o.4; 
:o.5; 
:o,5: 
:o.5: 
:o,5: 
:2.6: 
:2.8: 
:3.5: 
[3.9: 
:4 . i : 
:3.8: 
[3.9; 
:3.o: 
[3.8; 
[A.o; 
[3.9] 
[2.8] 

[3.0; 
:3.5; 
[3.6; 
[3.7; 
:2.6; 
[2.8: 
:3.o: 
:3.5: 
:A.O: 
:4.o; 
:3.3; 
:3.9; 

lOS r 
Ag 

(bam) 

.̂ ^ 1.851 ( 
1 1.713 ( 
» 1.629 ( 
1 1.671 ( 
» 1.391 ( 
» 1.637 ( 
1 1.320 ( 
» 1.349 ( 
) 1,171 ( 
» 1,309 ( 
1 1.075 ( 
I 1.061 ( 
> 1.010 ( 
) 0.855 ( 
) 0.816 ( 
) 0.748 ( 
) 0.681 ( 
) 0.623 ( 
1 0.575 ( 
> 0.518 ( 
) 0.477 ( 
) 0.438 ( 
1 0.419 ( 
> 0.375 < 
) 0.337 ( 
) 0.316 ( 
) 0.291 1 
I 0.285 < 
1 0.257 ( 
1 0.232 ( 
1 0.213 ( 
> 0.179 ( 
» 0.157 ( 
1 0.133 ( 
» 0.109 < 
I 0.091 ( 

: i .o ' 
:o.5; 
:o.5' 
:o.6; 
:o.6; 
'0.5; 
.0.6; 
:O.A; 
:o.5: 
:o.6; 
:o.6; 
:o.6; 
[2.7: 
:3.2-; 
:3.8; 
> . 3 ; 
:A.4; 
:4.4; 
:3.3; 
:3.3; 
:A .3 ; 
:A .5 ; 
:A.A; 
[3.2; 
:3.4; 
:4.o; 
:A.O; 
:4. i ; 
:2.9; 
:3. i ; 
[3.3; 
:A.O; 
:A .5 : 
[4.5; 
[3.6" 
:4,3; 

nat. a*) 
Ag 

(barn) 

)^^ 2.221 < 
I 1.973 ( 
) 1.778 ( 
) 1.737 ( 
1 1.455 ( 
1 1.620 ( 
) 1.445 ( 
I 1.345 ( 
) 1.207 ( 
1 1.101 ( 
1 1.112 ( 
) 1.068 ( 
) 0.988 ( 

1 0.888 ( 
1 0.814 ( 
> 0.732 ( 
1 0.696 ( 
1 0.667 ( 
1 0.586 ( 
1 0.536 ( 
1 0.502 ( 
> 0.441 ( 
I 0.439 ( 
> 0.382 ( 
• 0.344 ( 
I 0.309 ( 
) 0.293 ( 
) 0.268 ( 
> 0.249 ( 
) 0.233 ( 
) 0.213 ( 
) 0.171 ( 
) 0.153 ( 
) 0.135 ( 
) 0.110 ( 
) 0.101 ( 

[ i .u": 
[0.6) 
[0.6) 
:o.6) 
[0.7) 
[0.6) 
[0.7) 
[0.5) 
[0.6) 
[0.6) 
.0.7) 
[0.7) 
[3.1) 
[3.4) 
[4.3) 
[A.9) 
[5.0) 
[4.7) 
[3.7) 
[3.7) 
[4.8) 
[5.1) 
[5.1) 
[5,2) 
[5.5) 
[6.7) 
[6.6) 
[6.6) 
[4.6) 
[4.4) 
[4.6) 
[5.6) 
[6 .̂ *) 
[5.0) 
[6.1) 
[6.1) 

a) The systematic uncertainty for the capture cross sections of 
natural isotope is large compared with the values for separated 
isotope, mainly due to the difficulty of calculations of self-
shielding and multiple scattering correction. 

b) Statistical standard deviations given in percentage. Systematic 
uncertainties are discussed separately. 
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Table 4. Uncertainties 
silver 

Group number 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

•• 1 3 

14 
15 
16 
17 
18 
"19 
20 
21 
22 

isotop 
1 o: 
ies 

f measurec 
for each 

Energy 
(keV) 

1100 
800 
630 
500 
400 
310 
250 
200 
150 
120 
100 
77.3 
59.8 
46.5 
36.0 
21.5 
16.6 
12.9 
10.0 
7.73 
5.98 
4.65 

^ 

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

800 
630 
500 
400 
310 
250 
200 
150 
120 • 
100 
77.3 
59.8 
46.5 
36.0 
21.5 
16.6 
12.9 
10.0 
7.73 
5.98 
4.65 
3.60 

1 capture 
(32) group'̂ -'̂  

Ag 
(Z) 

7.41 
7.14 
6.89 
6.63 
6.51 
6.40 
6.32 
6.23 
6.12 
6.08 
6.14 
6.06 
6.11 
6.19 
6.18 
6.15 
6.33 
4.71 
4.77 
4.83 
4.97 
4.96 

cross sections 

109. 
Ag 

(Z) 

7.61 
7.19 
6.93 
G.69 
6.57 
6.48 
6.44 
6.42 
6.41 
6.46 
6.81 
6.53 
6.69 
6.84 
6.89 
6.50 
7.12 
4.83 
4.87 
4.97 
5.13 
5.33 

1 ot 

nat. 
Ag 

U) 

8.53 
8.29 
8.08 
7.86 
7.79 
7.73 
7.71 
7.71 
7.60 
7.57 
7.08 
6.97 
7.25 
7.48 
7.84 
7.96 
8.78 
4.24 
4.83 
4.96 
5.13 
5.00 



(32) 
Table 5. Covariance matrix ( xlOO ) for capture crosa aections of Ag Isotopes. 

Group 

I 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

I 

100 
68 
62 
56 
58 
58 
60 
57 
58 
57 
52 
52 
50 
51 
44 
44 
38 
49 
48 
47 
44 
46 

2 

100 
67 
62 
64 
60 
60 
60 
60 
57 
57 
55 
52 
53 
47 
46 
40 
51 
51 
50 
49 
49 

3 

100 
66 
65 
64 
63 
62 
61 
59 
57 
56 
54 
55 
49 
49 
43 
53 
53 
53 
51 
51 

4 

100 
68 
64 
65 
64 
62 
61 
59 
59 
56 
58 
52 
51 
45 
55 
55 
54 
53 
53 

5 

100 
66 
66 
65 
63 
62 
60 • 
60 
58 
60 
54 
53 
47 
56 
56 
55 
54 
54 

6 

100 
66 
65 
64 
63 
61 
61 
59 
61 
55 
58 
49 
57 
57 
56 
54 
54 

7 

100 
66 
65 
64 
63 
63 
62 
64 
58 
57 
53 
58 
57 
56 
55 
55 

8 

100 
66 
66 
66 
65 
64 
67 
61 
62 
54 
58 
57 
55 
55 
51 

9 

100 
66 
64 
66 
66 
69 
64 
62 
57 
58 
57 
56 
55 
55 

10 

100 
68 
67 
67 
72 
65 
64 
58 
58 
57 
56 
55 
55 

11 

100 
69 
69 
75 
69 
67 
61 
55 
54 
54 
52 
52 

12 

100 
68 
73 
62 
66 
60 
58 
57 
56 
55 
55 

13 

100 
77 
69 
67 
59 
56 
56 
55 
54 
54 

14 

100 
71 
68 
68 
60 
59 
58 
57 
57 

15 

100 
68 
64 
55 
54 
54 
50 
50 

16 

100 
63 
59 
58 
57 
56 
56 

17 

100 
53 
52 
51 
50 
48 

18 

100 
100 
99 
98 
98 

19 

100 
99 
98 
98 

20 

100 
99 
99 

21 22 

100 
99 100 
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AVERAGE CAPTURE CROSS SECTION OF THE FISSION PRODUCT NUCLEI 

lÔ Pd AND '°Sd 

by 

• 
G. Rohr, C. Bastian, E. Cornells , R.^Shelley 

T. van der Veen and G. Vanpraet 
CEC - JRC, Geel Establishment 

Central Bureau for Nuclear Measurements, B-2440, Geel, Belgium 

Abstract 

Neutron capture cross section measurements on 
enriched stable isotopes have been performed 
at the 30 m station of Gelina in the energy 
range of 10 eV up to 600 keV, The neutron flux 
shape was determined with a 0,5 mm Li-glass 
scintillator and a 0.6 mm thick ^°B4C-slab. 
The time dependent background was evaluated by 
using the yields from a 0,5 mm^°*Pb capture 
sample. The present data analysis covers the 
energy range between 10 keV and 300 keV. 

I. Introduction 

Neutron cross sections of fission products are of great importance for 
predicting long term characteristics of fast reactors. Among these nuclei, 
seven palladium isotopes are listed on the ENDF/B-V data files for fission 
product nuclides as important absorbers for fast and thermal reactors (1), 
Of these isotopes, '°^Pd ranks first on the list of the 25 most important 
fission product absorbers in a fast breeder reactor core. On the other hand, 

Pd is listed among important nuclide absorbers in LWR's because it con
tributes more than 0,1 % to the thermal, epithermal or total absorption at 
some deflection time. In this paper we present capture cross sections for 

Pd and Pd in regard to this poisoning effect. As in a large fast 
reactor, the energy range below several keV is important and should not be 
neglected, these measurements have been performed in the energy range of 
4 eV up to 600 keV. The present data analysis however covers the energy 
range between 3 keV and 300 keV. 

R.U.C.A. University of Antwerp, Belgi um 
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II. Experimental Technique 

The G.B.N.M. 150 MeV electron linear accelerator at Geel, GELINA (2), 
has been used with the characteristics listed in Table I for this experiment. 

Intense neutron bursts are produced in a mercury cooled natural U-target 
through a photonuclear reaction, and moderated by two halfmoon shaped poly-
ethyleen discs, placed one on top and one below the target. To suppress the 
detector paralyzing 7-flash effect of the bremsstrahlung, blocks of copper 
and lead are shielding the U-target in its horizontal plane through the beam 
line. 

Enriched samples of Pd and Pd were investigated at the 30 m time-
of-flight station linked to the target bunker by an evacuated flight path 
tube, equipped with neutron beam collimators. The beam line was perpendicu
lar to the target moderator that is entirely viewed by the capture sample. 
The detection of prompt 7-rays following neutron capture is carried out by 
two cylindrical C«D6 liquid scintillators, of 10.2 cm diameter and 7.5 cm 
thickness each, coupled to an EMI photomultiplier. This capture detector is 
characterized by a low prompt sensitivity to sample scattered neutrons. 
This has been achieved by reducing the amount of materials around the capture 
detector to a minimum. The distance from the neutron source moderator assem
bly was determined to be 28.398 m. The electronic signals, carrying time and 
amplitude information are registered with the time-of-flight start signals 
derived from the electron bursts and sorted electronically in a Nuclear Data 
ND 6600 acquisition system linked to a G.B.N.M. built 2ns digital time coder 
(3). This two-parameter experiment is required by the Mayer-Leibnitz 
weighting technique (4). In this method, the detector events are assigned an 
importance proportional to the energy of detected photons and is independent 
of the gamma decay mode. This results in a detector response proportional to 
the total energy research in the capture process. 

Amplitude calibration and amplifiers^gain have been controlled regularly 
with the Compton edge from the (Pu,Be)"C 6.8 MeV gamma rays. A 200 keV 
bias was set for the pulse height amplitude by suppressing the first 4 
channels. For the weighting, the events are sorted in 16 PH-groups of 8K TOF 
each. 

Monitoring the shape of the neutron flux was done by putting permanently 
in the neutron beam, 75.0 cm in front of the capture sample, a 'Li-loaded 
glass scintillator of 0.05 cm thickness and 10 cm diameter. It was contained 
in a thin Al-foil cylinder acting as a reflector and viewed by 2 EMI photo-
multipliers. The relative neutron flux measured with a '"34 0 slab, 0.06 cm 
thick and of 8 cm diameter, used as a capture sample by measuring the 478 keV 
photons associated with the neutron absorption "* B(n,a7)''Li reaction. 
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III. Analysis 

Some effort has been devoted in obtnining a critical cv.iluntion of the 
time dependent background with black resonance filters S, Na, Go, W and Ag 
and the yield obtained with a 0.05 cm thick " " Pb sample of 8 cm diameter. 
For the latter case it was found that the actual background was higher when 
compared to the results obtained with the thick sulphur filter. This filter 
depleted the incident neutron flux by an average of about 30 Z outside the 
102 keV resonance. Fig. 1 shows typical results obtained for '"'Pd in the 
upper curve and for '** Pb on the lower curve both normalized per monitor 
count. In Fig. 2, three different spectra are shown after subtracting the 
yield per monitor count obtained with ^^'Pb; the upper curve is the '°*Pd 
capture yield without black resonance filters; the middle one with the Na 
filter and the bottom one was obtained with all filters. For this case the 
background evaluation by using the black resonance technique is off by 7 % 
compared to that obtained with the lead sample at the sulphur resonance. The 
channel numbers cover the energy range from 600 keV down to 10 keV. Similar 
figures for '°*Pd are shown in Figs. 3 and 4. For this case a discrepancy 
of about 35 Z for this energy region was found. 

IV. Normalization 

To normalize the capture data, the value of 2gr = (6.70 *_ 0.04) meV for 
the resonance at 55.2 eV in '°'Pd was taken from recent G.B.N.M. transmission 
data (5). Hence, corrections for y absorption of photons in the capture 
saiiq>le can be disregarded. Further confidence in the normalization procedure 
was obtained by cross calibration to the results obtained with a 0.05 cm thick 
Au sample, using the ENDF/B-V file at 200 keV. Palladium sample characteris
tics are as follows: '°*Pd (97.38 %, 2.440 x 10"' at/bam) and "" Pd (98.88 Z, 
0.899 X 10"' at/bam). The agreement of both calibration procedures was found 
to be within 1 1. For '°*Pd the normalization was only carried out relative 
to the standard cross section of Au. No corrections for self-protection and 
multiple scattering effects have been applied. Since our samples are at least 
three times thinner than those used at O.R.N.L., these effects can only con
tribute for a small possible systematic error. Statistically good data have 
been obtained with these relative thin Pd-samples, especially for '°'Pd. 
Average capture cross sections are shown in the histograms of Fig. 5 and 
Fig. 6. The numerical results for which statistical and systematic errors 
are estimated to be smaller than 5 % are given in Table 2. 

V. Conclusions 

For '°'Pd, the O.R.N.L. results (6) show a systematic deviation relative 
to the G.B.N.M. data of approximately * 8.5 X below 15 keV neutron energy 
whereas at higher energies the data are in agreement within +̂  5 %. For *°"Pd 
however, below 15 keV a systematic deviation of about •*- 40 % is found for the 
O.R.N.L. results. This deviation reduces to 20 % in the higher energies 
region. No explainable evidence for the observed discrepancy could be found 
on the base of our experimental investigations. 
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Table I. Experimental Parameters 

burst width 
repetition rate 
electron energy 
beam power 

4 ns 
800 Hz 
100 MeV 
5 kW 

Moderator thickness 
Gamma flash filter 

Time overlap filter 

4 
lead 30 
copper 20 

5.68x10"^ 

cm 
cm 
cm 

'OB at/b 

Table 2. Average cross sections 

Energy Range 
(eV) 

3000. 4000. 
4000. 5000. 
5000. 6000. 
6000. 8000. 
8000. 10000. 
10000. 15000. 
15000. 20000. 
20000. 30000. 
30000. 40000. 
40000. 50000. 
50000. 60000. 
60000. 80000. 
80000. 100000. 
100000. 150000. 
150000. 200000. 
200000. 300000. 
300000. 400000. 

Aver. Cross-

•05pd 

2.38 
2.19 
2.36 
1.93 
1,78 
1.66 
1.54 
1,35 
1.17 
1.06 
.968 
.852 
.713 
.611 
.501 
.427 
.331 

-Section (barn) 

'°«Pd 

.493 

.459 

.413 

.348 

.407 

.244 

.268 

.227 

.157 

.147 

.132 

.117 

.098 

.089 

.082 

.079 

.089 
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Discussion 

QUESTION: S. Mughabghab 
I have two questions. First, in your comparison with the ORNL data, is this 
the renormalized ORNL data? Second, have you least-square fitted the 
capture data to obtain average resonance parameters? If so, what are the 
values of these parameters. 

ANSWER: G. Rohr 
1. Yes, these are the renormalized ORNL data. 
2. Up to now no least-square fits have been performed for the Pd isotopes. 

QUESTION: R. Block 
I note that for '̂'̂ Pd you normalized to a low energy resonance. In our 
recently published 23 eV self-indication-capture measurements we noted (and 
measured) a several per cent difference in the capture-detection efficiency 
when the capture changed from surface capture at resonance to volume capture 
off resonance. Is this a problem for your measurements? 

ANSWER: G. Rohr 
The capture in the 55 eV resonance of '̂̂ P̂d with a sample thickness of 
n = 2.44 X 10"^ at/b cannot be considered as surface capture. 

QUESTION: T. Ryves 
Can you comment on the ± 5% uncertainty on your measurements, which presumably 
include the error in the Au standard? 

ANSWER: G. Rohr 
The ± 5% uncertainty on the numerical results (Table 2) includes the error 
of the Au standard. A description of the systematic error can only be 
given, when the corrections for self-protection and multiple-scattering 
effects have been applied. 
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STATUS OF REGENT FAST CAPTURE GROSS SECTION 
EVALUATIONS FOR IMPORTANT FISSION PRODUCT NUCLIDES 

by 

Harm Gruppelaar 
Netherlands Energy Research Foundation EGN 
P.O. Box 1, 1755ZG Petten, The Netherlands 

Abstract 

A comparison is made between recent evaluations of fis
sion-product cross sections as given in the CNEN/CEA, 
ENDF/B-IV, ENDF/B-V, JENDL-1, RGN-2 and RGN-3 data lib
raries. The intercomparison is restricted to 24 import
ant fission products in a fast power reactor. The eva
luation methods used to obtain the various data files 
are reviewed and possible shortcomings are indicated. 
A survey is given of the experimental data base used in 
the various evaluations. Some graphs are included show
ing the new ENDF/B-V and RGN-3 fast capture cross-
section evaluations. Further intercomparisons are made 
by means of multi-group and one-group cross sections. 
It is shown that lumped fission-product cross sections 
calculated from the most recent versions of the data 
files are in quite good agreement with each other. This 
review concludes with a discussion on oberved discrep
ancies and requests for new measurements. 

I. INTRODUCTION 

In this report a comparison is made between evaluations of fission-
product cross sections recently made in Italy (cooperation with France) 
Cl-3], Japan [4-6], the Netherlands [7,8] and the U.S.A. [9-12] for 24 of 
the most important fission products with respect to their reactivity con
tribution in a fast power reactor. 

Some charaoteriatica of theae evaluations are given in Table 1. The 
most extensive data libraries are ENDF/B-IV and -V, which include cross 
section data for about 190 fission products and decay data and fission 
yields for more than 800 nuclides. Most libraries have the ENDF/B format, 
except the RGN-2,3 evaluations which are given in KEDAK format. The dates 
of the evaluations vary from nuclide to nuclide; the "date of release" in 
Table 1 refers to availability from the NEA Data Bank at Saclay. 
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For a number of nuclides revisions [3] have been applied to the CNEN/ 
CEA set. An extensive re-evaluation programme is underway in Japan (JENDL-2 
[6]), In these revised evaluations results from comparisons between evaluated 
data and integral experiments have been introduced. The RCN-3 and ENDF/B-V 
versions have been obtained by adjusting the previous versions to fit integ
ral data. In addition, some other revisions have been applied to account for 
results of a vast amount of recent differential data. In the case of ENDF/B-V 
the adjustments were applied simultaneously to fit integral and differential 
data. A recent review of these and other adjustment methods has been pre
sented in Ref. [13]. 

The CNEN/CEA and RCN-2 evaluations have been used to calculate group 
constants [14,16], which were adjusted to fit integral data. The adjusted 
group constant libraries, CARNAVAL-IV [15] and RCN-2A [16,17] have recently 
been intercompared [18]. The capture cross sections calculated from the RCN-3 
evaluation are very close to those from RCN-2A. 

Various intercomparisons between the evaluations of CNEN/CEA, JENDL-1, 
RCN-2, RCN-2A and ENDF/B-IV have been made: The most recent intercomparison 
is given in the report of Kikuchi et al. [5], In Ref, [14] a graphical and 
numerical intercomparison between 25-group constants is given. Other inter
comparisons can be found e.g. in the proceedings of the Petten-1977 confer
ence [19-22], A somewhat older intercomparison was given in Ref. [23]. This 
paper supplements these references mainly with comments on the newest ver
sions of these evaluations. 

The evaluation methods used to obtain the various data files are only 
slightly different; they are reviewed in Sect. II, together with suggestions 
for possible improvements. In Sects .III and IV some g'Z-o&aZ comparisons based 
upon the experimental data base and energy-group averaged cross sections are 
presented. An overall intercomparison between the above-mentioned evalua
tions is obtained by calculating pseudo fission-product group cross sections 
(Sect. IV C). The latest report of this type is Ref. [24]. Some comments 
which apply to individual nuclides are given in Sect. V. In a number of 
cases large discrepancies are found. These are summarized in Table 6. Some 
requests for new measurements have been listed in Table 7. The most im
portant conclusions of this report are summarized in Sect. VI. 

II. EVALUATION METHODS 

The existing evaluations of fast capture cross sections for fission 
products are all based upon statistical-model calculations [7,25-28] of 
which the parameters are obtained from experimental data, systematics [29] 
or theory. Whenever possible, the parameters are adjusted to fit available 
experimental point cross sections (and/or integral data). In the following 
we discuss the various aspects of the evaluation procedure. For a review on 
adjustment methods we refer to Ref, [13], 

A, Average parameters from resolved resonance parameters 

In the fission-product mass range resolved resonance parameters are 
used to represent the capture cross sections upto a few keV. This region is 
also of great importance to the calculation of fast capture cross sections. 
Prior to the cross section calculation the average parameters <rY£> (aver
age total capture width for i!,-wave resonances), D̂ ĝ (observed s-wave level 
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spacing) and S (K-wave neutron strength function) are extracted from the 
resonance parameters (£ - 0 or 1). 

Due to the sharp distribution of total (apture widths of resonances Llie 
determination of <Tyi> is quite simple. However, at the time most evalua
tions were performea, the number of nuclides with a large fraction of meas
ured s- and p-wave capture widths was quite small. This applies in partic
ular to p-wave capture. At present the situation is much better in this 
respect (see 4th edition of BNL-325 [30]). The average p-wave capture widths 
are still quite uncertain for even-mass isotopes with A = 90, due to the 
enhanced possibility of "non-statistical" effects [31]. 

The evaluation of Dobs* ^0 ^^^ 1̂ ^^ usually based upon the statistics 
of neutron widths and level energies. This process can be quite complicated 
due to missed resonances, strong mixture of s- and p-wave resonances, un
resolved doublets and "non-statistical" effects. At present sophisticated 
methods exist to estimate these average parameters, see review of Fort et 
al. at the Bologna meeting [32] and the more recent review of Liou [33]. 
Last year, an international "benchmark" study was performed to check the 
various codes used for this purpose [34]. This study was based upon care
fully prepared sets of statistically generated resonance parameters. The 
initial results showed quite large disagreements for cases which are typic
al for nuclides with A= 100, where there is a strong mixture of s- and p-
wave resonances (with unassigned {.-values). After applying some modifica
tions to the code (and with the knowledge of the "true" values!) more 
satisfactory agreement was obtained by some authors. 

As an example we show some results obtained at our laboratory before 
and after this exercise. We have used the code CAVEGN [35] which is a 
slightly modified version of the original GAVE code by Stefanon [36,37]. 
In this code all resonances having reduced neutron widths above a thres
hold t n (E) are analysed, where initially t is taken as unity. In Fig. 1 
the values of Dobs* ^0 ^"^ 1̂ ^^^^ been plotted for values of t from 1 to 
150 (open symbols). These values should be independent of t. This is not 
so, as a result of statistical fluctuations. Utilization of additional in
formation from the ^-assignments of strong resonances (t > 20) improves this 
behaviour, see black symbols in Fig. 1 [38]. Still, a departure from the 
"true" values (horizontal lines in Fig. 1) is observed when the set of ana
lysed data is reduced to the strongest resonances (t>50). 

An extensive report of the results of this international exercise 
will be published this year [39]. It is expected that the new methods -
together with the increased amount of experimental information [30] - will 
improve the results of capture cross section evaluations in the near fu
ture. At our laboratory we have made an attempt in this direction by re-
analysing (old) resonance parameters for 18 fission-product nuclei [35]. 
Recently, we have also analysed [8] the new CBNM data for the Pd isotopes 
[40]. 

B. Systematics of average resonance parameters 

The existing evaluations of fission-product capture cross sections are 
partly based upon systematics of average resonance parameters, e.g. for 
the calculation of cross sections of unstable nuclides and for the calcu
lation of inelastic scattering competition in the continuum (level density 
of target). This systematics has been obtained from "eye-guided" curves 
through experimental data points in a limited mass range ("local" syste-
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matics). Commonly, new (reduced) parameters were defined using theoretical 
dependences of energy and nuclear mass. 

1. R', SQ and S] 

With regard to the potential scattering radius R' and the neutron 
strength functions SQ and S] one could say that, although standard optical-
model calculations may give the global trend [30], local variations with 
mass are much more difficult to predict. In practice simple eye-guided 
curves have been used to obtain the local systematics of neutron strength 
functions from experimental values of neighbouring isotopes or nuclides. 
It is expected that more refined optical-model calculations, e.g. with de
formed potentials could improve this situation [30]. 

2. Level-density parameters 

All authors use the composite level-density formula of Gilbert and 
Cameron [41], though in slightly different forms (Sect. II D). At high 
excitation energies (Fermi-gas formula) its important parameters are a 
and the pairing energy shift P. The parameter a is derived from the level 
spacing Dĝ jg assuming a value of P from Ref. [41]. Global systematics is 
obtained by plotting a as a function of the neutron number N [29], Such a 
plot clearly reflects the shell effects near the magic number N = 50 and 
N=82. Closer inspection reveals a significant Z-dependence, in particular 
for N just above 50 and 82. In these cases local systematics as given in 
Fig. 2 has been used in the evaluations. It was also found that there ex
ist odd-even effects in a for the Nd and Sm isotopes (vol. 3 of [7]), in
dicating that the reported values of the energy shifts [41] between odd-
and even-mass nuclides are inadequate. Similar effects were recently found 
for the Pd isotopes (bottom part of Fig. 4), These problems indicate that 
the Gilbert-Cameron formula with the original table of pairing energies is 
not a very good basis for a reliable systematics of the level density. 

A survey of possible improvements in the description of level-density 
parameters and their systematics is beyond the scope of this paper. We 
refer here to a forthcoming IAEA meeting on this issue, provisionally 
planned in 1983 at Brookhaven. 

3. Radiative capture widths and y-ray strength functions 

In the statistical-model codes used for the various evaluations the 
total radiative capture widths are calculated according to slightly differ
ent versions of Brink-Axel formula (Sect. IID). The results were normal
ly renormalized to fit the experimental value of the total radiative capture 
widths at the neutron separation energy. If experimental data were lacking 
this value was obtained from simple local systematics of <Tyi>. At CNEN the 
Brink-Axel formula was used to predict unknown radiative capture widths [42, 
43], assuming experimental values or systematics of electric-dipole giant 
resonance parameters (neglecting Ml and E2 transitions). In a more recent 
report Reffo [29] has provided quite useful systematics of giant resonance 
parameters as a function of A and the nuclear deformation parameter 6 (two 
Lorentzian peaks for deformed nuclei). 

The results of these calculations reflect the uncertainties of the in
put parameters, i.e. level scheme data, level-density parameters and giant 
resonance parameters. Moreover, the validity of the Brink-Axel estimate is 
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not very well-established and non-statistical effects [31] are not accounted 
for. The model used at CNEN [43] gives <rY'̂ '̂ > as a function of spin and 
parity. For even-even compound nuclei there may be quite a strong parity 
dependence, due to a possible predominance of one parity at low-lying states, 
which therefore are mainly populated from the opposite-parity compound state. 
Consequently, different renormalizations for s- and p-wave capture widths 
may be required. This was for instance performed in the RGN-2,3 evaluations. 
Moreover, if necessary, a p-wave valency component was added, according to 
the systematics of Allen and Musgrove [31] or older systematics of Weigmann 
[44]. 

The above-mentioned approach is not always satisfactory. As an example 
we show in the upper part of Fig. 4 some results of calculations of <rYO^ fc" 
the Pd isotopes [8], using the Brink-Axel model [43], adopting simple syste
matics for the single-peak giant-dipole resonance parameters [43]: 
Fr - 5 MeV, E^ - 163 ^ A^73 ĵ eV, ô . = 0.0535 (NZ/Arr)b. The experimental 
data shown in Fig. 4 have been adopted from recent measurements at RPI [45] 
and CBNM [40]. They show a significant odd-even effect. The calculated curves 
fail to reproduce it (small effect in opposite direction) and the mass-
dependence is also completely wrong. Very large and unrealistic adjustments 
of the model parameters would be needed to force consistency between calcu
lations and measurements. Probably nuclear structure effects play an important 
role. 

Possible improvements could be obtained by adopting a modified shape of 
the El-strength function f£i as proposed by Gardner and Dietrich [45]. It was 
also stressed [46] that since the Y'^ay strength function is the most important 
parameter to calculate the radiative capture cross section, it might be 
better to concentrate on the systematics of f£i, rather than to evaluate *^^y> 
and D̂ jjg separately. The systematics of Gardner and Dietrich for f£• was usea 
to calculate capture cross sections of various medium-mass nuclei [46,47j. In this 
respect we also mention some recent work performed at our laboratory by Kopecky on 
the systematics of El, Ml and E2 strength functions [48,49]. Further develop
ments on the systematics of radiative widths have recently been reviewed by 
Moore [50]. 

G. Optical-model parameters 

For the bulk of the fission products a spherical optical model with a 
global set of parameters was used. The parameters of Igarasi et al.[51] have 
been used throughout the JENDL-1 evaluation and for many nuclides also in the 
CNEN/CEA and RGN-2,3 evaluations. In ENDF/B-IV,V the potential of Moldauer 
[52] was adopted for most evaluations performed at HEDL. For some important 
nuclides other global potentials have been selected in the GNEN/GEA, RGN-2,3 
and ENDF/B-IV,V evaluations. In recent Japanese work [6 ] the potentials of 
individual nuclides were fitted to experimental data by means of the "SPRT 
method'. For a review on possible improvements using the SPRT method in the 
fission-product mass range we refer to Lagrange [53]. 

We note that the use of a "strength function model" (Sect. 2.4.2) at low 
neutron energies, adopting experimental values for R', SQ and S], partly 
compensates for the deficiencies of global optical models at low neutron 
energies (upto 50 to 100 keV). Such models have been applied throughout the 
GNEN/CEA and RGN-2,3 evaluations and for important nuclides in the ENDF/B-IV,V 
evaluations. At higher energies discrepancies in o^ due to the use of 
different global optical-model parameters are usually within lOZ [6]. 
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D- Statistical-model calculations 

1. Width fluctuation effects 

In all evaluations the Hauser-Feshbach formula has been used with width-
fluctuation correction. In most evaluations the "classical" integration 
method was used with one degree of freedom v for each outgoing particle 
channel T, assuming the -^-ray transmission coefficient as a non-fluctuating 
quantity, see review article [54]. Moldauer [55] has shown that the number 
of degrees of freedom should be increased up to 2 when the absorption in
creases. This means that for a large number of channels (> 20) the enhance
ment factor of the compound elastic scattering w= 1 +2/v approaches 2 rather 
than 3. In the alternative statistical-model description of Tepel et al. 
[56] which is valid for medium and strong absorption, the elastic enhancement 
factor has been parametrized [57]. On the basis of some calculations with these 
new theories [55-57] it was concluded in 1977 that for the computation of neu
tron radiative capture cross sections the use of the "classical" integration 
method with v = 1 is still a good approximation [54]. 

Meanwhile, Moldauer [58] has given a useful parametrization of the 
number of degrees of freedom: 

v= 1.78 + (T'*^'^-0.78) exp[-0.228ET'], 

where ET' is the total transmission coefficient of all competing channels. 
This equation clearly shows that only for weakly absorbing channels (T << 1) 
and few competing channels (ST' < 1) the approximation v = 1 is valid (elastic 
scattering at low energies). Therefore, it seems better to use the above-
mentioned parametrization of v, which is valid for weak, medium and strong 
absorption. At higher energies also the updated expressions of Tepel et al. 
[59] could be adopted. A formalism to include width fluctuation corrections 
in the continuum has been discussed in Ref. [54], 

2. Strength function models 

Differences between the various statistical models used for fission-
product cross section evaluations at low neutron energies are mainly due to 
the calculation of neutron transmission coefficients either from the op
tical model or from a "strength function model". In the RCN-2,3 evaluations 
this model simply implies that the s- and p-wave neutron transmission coef
ficients are overwritten by values calculated from 

^.S^v^V^ 

I 

c^i^.'^V'^'VV' ' 
where v^ is the penetration factor and R°° describes the effect of distant 
resonances (R* = R[ 1 - R°°]). At low neutron energies this relation leads to 
the usual expression T J = 2 T T S ^ V ^ V ; at higher energies T^ remains less 
than unity. In this context ^e mention that Sj strongly depends upon 
the selected value of the channel radius a. A more appropriate definition 
of S,, recently suggested by Moldauer [60],is obtained by reducing the p-
^!Y^,^;"'^f","idths with E-3/2 or ^-^l\\H\^a)^-} instead of with E'l/v^ = 
H. 2 + lira i ̂  / ^^.• n\ z. y. 
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In the GNEN/GEA and ENDF/B-IV,V evaluations the prescribed ENDF/B un
resolved resonance description has been adopted, at least for the important 
nuclides. We note that this description has recently been revised [61]. 
In JENDL-1 no strength function model has been used. 

3. Different forms of level-density formulas 

The differences in the adopted composite level-density formulas [41] are 
discussed in this section. As has been noted previously [6,21,23] the adop
ted expressions for the spin cut-off parameter o^ differ in the various 
evaluations: 

ENDF/B, JENDL-1 : a^iE) - 0.0888/a(E-P) (E > Ejj), 

o2(E)-a2(Ex) (E<Ex). 

GNEN/GEA, RCN, JENDL-2: a^^E) =0.146/a(E-P) (EiE^), 

°^^^^ ' °exp * ^°^ <Ex)-o2^p)E/Ex (E < Ex), 

where Ex is the dividing energy of the composite Gilbert and Cameron for-
imila [41] and o|j_ follows from the spin distribution of low-lying levels 
[26]. The use of (̂ exp ŝ̂ <̂ s to quite large differences in the capture 
cross section above an energy Ec, where inelastic scattering competition 
to the continuum commences. 

The continuum parity distribution p is usually assumed to be 1/2. 
This distribution is quite important to calculate the H-dependence of <rYj,>. 
In the JENDL evaluation the expression of Igarasi [25] has been adopted: 

f +0.5 exp[(E-E )/6] 

^"^ ^ ' 1 +exp[(E-Eo)/6] 

where f is the fraction of discrete levels with parity ir̂  
Eo"(Ex + Ec)/2 and 6 * |EX - Ed/8. 
Reffo [29] has proposed 

p^(E)- exp{a^E + b^} at E<Ei , 

where a and b are fitted to obtain agreement at low-energy discrete 
levels and Ei is the energy above which Pir = 1 is assumed. 

We note that the Japanese evaluators [6j have adopted a significantly 
different formulation of the low-energy part of the Gilbert and Cameron 
formula: p(E) - G exp[ (E-Eo)/T], where G and T are fitted to the staircase 
plot of low-lying levels and the dividing energy Ex is obtained by ad
justment of these parameters"to obtain a smooth continuation with the 
Fermi-gas level density". In the original prescription of Gilbert and 
Cameron the value G* 1/T is adopted and Ex is obtained from the require
ment of continuity of p and p' at Ex> The Japanese method could give a 
better description at the lowest energies, but problems may occur to de
fine the value of Ex- In some cases no smooth connection between the con
stant-temperature formula and the Fermi-gas formula could be found [6]. 

Other problems with the Gilbert-Cameron formula may occur when Ex 
exceeds the neutron separation energy. In that case the calculated value 
of Dobs (fro™ the constant-temperature formula) may become different from 
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the originally introduced experimental value, used to fit a, applying the 
Fermi-gas formula. In the RCN-2,3 evaluations we still have adopted this 
value of a for the renormalization of the capture y^ay transmission co
efficient, 

4, Gamma-ray transmission coefficient 

In all evaluations the y-ra.y transmission coefficient is obtained from 
the Brink-Axel formula. A rather complete representation is used in the 
CNEN codes [27,28,43]: 

jn 2Tr 
Y 3(Trtlc)2 

" Jn " 

B-Ec 

/^V''L(S^^P^^"^Y'J'""^^S 
0 Y ' j Y 

In this equation the spin and parity of the compound state at energy B 
(binding energy) are denoted by capital J and II. The primary Y~'̂ sy emission 
to states with excitation energy less than Ê . (discrete level excitation) 
is calculated in the first term, assuming that only El-transitions are 
possible. The spin and parity of the discrete states are denoted by j^ and 
77 . The second term gives the contribution of El-transitions from the com
pound state to levels with excitation energy above Ec- The Y~î ay energy is 
denoted by e^* '̂ ^̂  Lorentzian function oi^isy) is given by 

2 e^ a. T. 

^ i=l (e2-E2)2 + e2r2 
Y 1 Y 1 

where the giant resonance parameters a^, E^ and Tj_ refer to the peak cross 
section, peak energy and half-maximum width, respectively. 

In the ENDF/B, JENDL and RCN evaluations the following approximations 
were made: only the continuum part is calculated (E^ = 0) ; only one Lorent
zian peak is adopted; equal parity distribution of p is assumed; the sum
mation over j is performed in an approximate way. As a result the radia
tion width (not Ty^) is independent of spin and parity. This could partly 
be compensated by the introduction of different normalization factors for 
each spin and parity. In the RCN-2,3 evaluations a parity dependence 
is introduced in this way. We note that a renormalization to experimental 
data is performed in all evaluations (Sect. II B). 

Possible non-statistical effects could also be incorporated in parity-
dependent renormalization factors. In the RCN-2,3 evaluations a valency 
component was introduced (Sect. II B). The statistical-model expression 
was modified by taking into account the correlation between the neutron 
and capture widths, leading to a different value of the width fluctuation 
factor [23]. 

5. High-energy region 

Above a few MeV, where the competition of inelastic scattering is 
described by a continuum model (E > E^), the adopted models may deviate for 
a variety of reasons. The most important one seems to be the effect of the 
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spin distribution of the level density (Sect. IID.3), Other effects which 
should not be neglected are the (n,2Y) contribution, the direct and collec
tive contribution and the competition of charged-particle emission cross 
sections. The last-mentioned effects are important only above about 5 MeV. 
The status with regard to charged-particle emission cross sections has al
ready been reviewed at Bologna [62]. We feel that more attention should be 
paid to evaluation methods and codes at energies above E(.-

6. Uncertainties 

The subject of uncertainty evaluations is closely connected to adjust
ment procedures. We therefore refer to the recent review [13] and references 
therein. The uncertainties of adjusted RGN-2A capture group constants are 
given in Refs. [16,17]. The adjusted ENDF/B-V capture cross sections have 
also been supplied with error estimates [10,11]. 

III. COMPARISON BASED UPON EXPERIMENTAL DATA BASE 

A. Resolved resonance parameters 

Since 1973, the date of publication of version 3 of the BNL-compi-
lation, many resolved resonances have been remeasured, see version 4 [3O] and 
Table 2, column 2 (GINDA notation). However, most of these data have not 
yet been used in the evaluations. This also holds for ENDF/B-V. Exceptions 
are indicated in Table 2. It has to be noted that the new resolved reso
nance parameters may lead to important improvements for ^^Tc, ^^^»^^^jlCtj^y^ 
105,107pj gjjj ISlgin. Moreover, the average resonance parameters deduced 
from these data could have important implications in the statistical-model 
calculations (particularly for ^°^Pd, ^^^Sm). For many other nuclides, given 
in Table 2, the new resonance parameters refer to the higher energies, 
where at present the evaluations are based upon statistical-model calcula
tions. Application of this new information is not so straightforward, be
cause of the large possibility of missed resonances. The average capture 
data may be more useful in this respect. 
See Sect. V for a detailed discussion on each nuclide. 

B. Differential capture measurements 

Recently, a large number of differential measurements has been per
formed in the energy range from 1 keV to about 500 keV. These measurements 
are summarized in column 2 of Table 3 (data released after publication of 
BNL-compilation, 1976). As can be seen from Table 2 a large fraction of 
these data have been measured at ORELA, and have been analysed at Oak Ridge 
(ORL) or Lucas Heights (AUA). These data might need a correction [63]. 
Part of the data have been plotted in Figs. 5b-16b. Most of the new measure
ments have been included in ENDF/B-V by means of an adjustment of the ENDF/ 
B-IV capture cross section, taking into account recent differential data 
and integral data [10,11]. They have also been considered in the most recent 
other evaluations (i.e. in part of RGN-2, RGN-3, 1979-revisions of GNEN/GEA, 
preliminary JENDL-2). The recent differential data have important implica
tions for ^8,100MO, 99TC, 101,102, IO'IRJ,̂  133C8, I'̂ Sjjd, l-̂ eNd and '̂•̂ sn; see 
corresponding figures. No data at all exist for ^^Zr, ^°^Ru and ^^^Gs. Note 
that there are large discrepancies between differential data, even when 



482 

on 
ly recent measurements are considered. 

C. Integral measurements 
A recent review of the integral data base is given by Anderl at this 

meeting [63], Older reviews are given in Refs. [22,65-67]. The integral STEK 
and CFRMF data have been used in the ENDF/B-V and RCN-3 evaluations .In ad
dition, EBR-2 integral data were used to adjust the I'+̂ Nd, ̂ '̂ N̂d and ^Sm 
cross sections [66,67], The revisions of CNEN/CEA are based upon an 
analysis of STEK, CFRMF and French integral data [3]. Revisions for JENDL-2 
[6] are partly also based upon integral data (STEK"^, CFRMF). Integral data 
can be used for adjustments; they are also extremely useful as a selection 
criterion between the various differential data set. 

Some clear examples showing that integral data may help to select be
tween different data sets (CINDA notation) are given in Figs. 5b, 6b, lib and 
12b for 99TC (RPI-77 rather than KfK-73), ^°^Ru (ORL-80 rather than RPI-75), 
10^Ag (DKE-60 rather than FEI-65) and ^^S^g (LEB-62 and KTO-69 rather than 
KfK-69, respectively. 

IV. INTERCOtlPARISON OF GROUP CONSTANTS 

A. Multi-group cross sections 

A graphical intercomparison was made between 26-group cross sections 
with a micro-flux weighting spectrum as used for calculations of 
the DeBeNe SNR-300 fast power reactor, which is under construction at 
Kalkar, FRG. Some examples of this intercomparison for ENDF/B-IV, ENDF/B-V 
and RCN-2A* are given in Figs. 5a to 16a, The results generally show rather 
good agreement between the adjusted data files ENDF/B-V and RCN-2A in the 
important energy range from 500 eV to 500 keV; exceptions are ^%o and 
l̂ -̂ Sm (Sect.V). However, there are large differences in the resolved re
sonance range (̂ M̂o, ̂ ^Tc, ̂ O^Ru, 105,lD7pd^ l̂ tSjlSlsja) ̂ ^d in the high-
energy range (1°^^^^ l°^Ag, '̂̂ P̂m, I'+̂ Nd, l'*^'ISlgm), Therefore it is con
cluded that more effort is needed to evaluate the recent experimental re
sonance parameters and the capture cross sections at high energies [71]. 

B. One-group cross sections 

In Table 4 average capture cross sections have been listed for the 
24 most important fission product nuclides. These data represent average 
cross sections in the fast reactor spectrum of SNR-300. The most interesting 
observation from Table 4 is that for many nuclides the ENDF/B-V cross sections 

+ Note: The problems of calculating self-shielding of STEK samples men
tioned in Ref, [6] are due to the circumstance that no perturbed spectra 
^ have been used to calculate integral data, i.e. E.i|; instead of I.jJ;*. 
In Refs. [16,17] the elements of E were multiplied by the ratio ^*.7ii^. 

Adjusted group constant set. Capture group cross sections obtained from 
RCN-3 are almost identical to those from RCN-2A for most nuclides. 
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have been increased (compared to ENDF/B-IV) with quite large amounts, to 
become much closer to the results from the other data libraries. This has 
important consequences for lumped fission-product cross sections calculated 
from ENDF/B-V, see Sect. IV G. 

The average cross sections calculated from ENDF/B-V, RGN-2, RGN-2A, 
JENDL-1 and GNEN/GEA are in quite good agreement, i.e. almost always within 
the standard deviations of the RGN-2 data set and often within the standard 
deviations of the adjusted RGN-2A data set (exceptions are indicated by 
imderlined numbers in Table 4). 

The agreement between ENDF/B-V and RGN-2A is very good; this is mainly 
due to the fact that these data are partly based upon the same integral data 
(i.e. STEK and GFRMF). 

The revised 1979 evaluations of GNEN/GEA, in which Dutch and French 
integral data were considered, improve the agreement between the average 
caoture cross section of GNEN/GEA and RGN-2A for '05pd, ^^Hd and '49sm. For 
ISISQ (be situation is worse, since no satisfactory integral data measure
ments are available (sample problems). 

Preliminary revisions for the JENDL-2 library indicate higher cross 
sections for '43ud, '^^sm and '^'Sm [6], yielding better agreement with 
RGN-2A for '^^Nd and '51sm. The one-group value for '^^Sm calculated from 
the revised JENDL-2 library is probably higher than that of RGN-2 (in
dications from a graph in Ref. [6]). 

C. Lumped fission-product cross sections 

Pseudo fission-product cross sections have been calculated to simulate 
the effect of fission-products from 239pu in a fast power reactor. The 
concentrations of 169 fission-product nuclides in a large power reactor at 
a bum-up of 41 MWd/kg (460 days irradiation time) were taken from Ref. [68]. 
The calculated capture cross sections for the lumped fission-product mixture 
based upon ENDF/B-V are given in the second column of Table 5. In the first 
column the previous results [68,62], based upon the adjusted RCN-2A cross 
sections (supplemented mainly with ENDF/B-IV data) are listed. The differences 
are quite small. This could partly be ascribed to the fact that both ENDF/B-V 
and RGN-2A were obtained by adjustment to the same set of integral data 
(STEK and GFRMF). 

The last line of Table 5 gives the predicted average capture cross 
sections in the core of SNR-300. The difference is only 0.24%. It has to be 
noted that the ENDF/B-IV library gave 10% lower average cross sections [24]. 
The GNEN/GEA and JENDL-1 libraries yield values which differ less than 1% 
from the RGN-2A and ENDF/B-V results [24]. This excellent agreement between 
results of recent data files is quite satisfactory. The CARNAVAL-IV results 
are about 5% higer [18] which is still within the expected uncertainty limits. 

The increase of the ENDF/B lumped fission-oroduct cross sections is 
mainly caused by increased cross sections for 99xc, 'O'RU, 'O^Pd, 
'^^Ag, '^Sud and '^^Sm. This, in turn, is to a large extend due to the use 
of integral data in the evaluation. 
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V. DISCUSSION "*" 

A. Most important fission products 

In this section the most recent ENDF/B and RCN evaluations are dis
cussed. A suTiimary of observed discrepancies between the various experimental 
data is given in Table 7a. In Table 8a some requests for new measurements are 
formulated. For each nuclide two figures are given, one with group cross 
sections (26-group ABBN scheme, SNR-300 flux weighting) and one with point-
wise given data and experimental data. The solid, dotted and dashed curves 
correspond to ENDF/B-V, ENDF/B-IV and RCN-2A or -3, respectively. The RCN-2A 
group cross sections have been obtained from a direct adjustment of RCN-2 
cross sections to fit integral STEK and CFRMF data. The RCN-3 data file is a 
point-wise given file, always quite close to RCN-2A in the smooth energy range. 
Significant differences between RCN-2A and RCN-3 are indicated in the text. 
When experimental data have been averaged the symbol "A" is given in the 
legend box. 

1, ̂ ^Tc (Fig. 5) 

In the resolved resonance range there is a large discrepancy between the 
evaluations in the range from 20 eV to 0.5 keV (Fig. 5a). In ENDF/B-V the new 
RPI resonance parameters have been adopted upto 791 eV, However, it seems that 
the adopted T^ values in ENDF/B-V are a factor of 2 too small at E > 25 eV 
(at least compared to the new BNL-compilation [30]). In the RCN-2A,-3 
evaluations the Russian (KUR-73) resolved resonance parameters have been 
adopted upto 1 . 1 keV. These data are in good agreement with the RPI-77 data 
[69]. There is also good agreement with the low-energy data (E < 25eV) ob
tained at Kiel (KIL-78, KIG-81). The data given in the third edition of BNL-325 
should not be used (too high values of Ty [70]), More values of Ty are needed 
for resolved resonances at E > 300 eV, 

From Fig, 5b it follows that the ENDF/B-V and RCN-3 evaluations are in 
favour of the RPI-77 data. They are higher than the KFK-73 data (discrepancy 
RPI-77 > KFK-73). Fischer et al. [70] have mentioned problems with the ^^^c 
sample used to obtain the KFK data. The ENDF/B-V and RCN-3 evaluations are 
partly based upon integral STEK data; the CFRMF data indicate lower fast 
capture cross sections. There seems to be a discrepancy between STEK and 
CFRMF data [6]. More experimental data are needed at 1 to 500 keV. This request 
has been satisfied with ORL-82 data reported at this meeting. 

2, 'Q'RU (Fig. 6) 

For this nuclide the RCN-3 evaluation has not yet been completed. From 
Fig, 6a it follows that RCN-2A is much larger than ENDF/B-IV and -V in the 
range from 100 to 600 eV. This arises from the fact that the resolved re
sonance range in RCN-2A extends upto 666 eV, whereas in ENDF/B-IV,V the high-
energy limit of the resonance range is at 113 eV, Meanwhile, new resonance 
parameters have been published, with neutron widths upto about 1 keV (DUB-80). 
These data should be included in future evaluations. At higher energies only 
values of gT^TyfT are known. There might be a need for new transmission 
measureTnents at energies above about 1 keV to determine the neutron widths 
ot resolved resonances. 

The RCN-2A and ENDF/B-V curves in Fig. 6b are close to the ORL-80 data, 
Jp^*"^^^ significantly lower than the RPI-75 data (discrepancy ORL-80 and 
-----2--?'^^ normalization of the RCN-2A curve is mainly based upon the STEK 
Comments in recent data presented at this meeting have been added in itnlin^ ^ 
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integral data, which seem to be in agreement with the ORL-80 differential 
measurements. 

3. 'O^Ru (Fig. 7) 

For this nuclide the RGN-3 evaluation has not yet been completed. In the 
existing evaluations only three resonances (up to 1.3 kcV) have been included. 
The discrepancy at 0.5 to 1.0 keV (Fig. 7a) is due to the use of different 
background functions. In future updatings the resolved resonance range should 
be extended up to at least 10 keV, using the new data (DUB-80, ORL-80), ac
counting for missed resonances. However, neutron widths are lacking for many 
resonances at E>0.5 keV. 

The ENDF/B-V evaluation is in agreement with the ORL-80 data (Fig. 7b). 
The RPI-75 data are significantly higher at 15 to 30 keV (discrepancy ORL-80 
and RPI-75). The normalization of the RGN-2A curve is mainly based upon the 
STEK integral data (agreement with ORL-80 data at 10 to 100 keV). The adjust
ment from RGN-2 to RGN-2A was quite large and the shape has been deformed; 
therefore a re-evaluation is needed (RCN-3, in progress). Fig. 7a shows the 
large discrepancy between ENDF/B and RGN-2A in the MeV range. 

4. '03Rh (Fig. 8) 

In the RGN-2A,-3 evaluations the resolved resonance range has been ter
minated at about 1 keV; in ENDF/B-V this limit is at about 1.5 keV. The 
differences between the evaluations are small upto 1.5 keV (Fig. 8a). Meanwhile, 
new resolved resonances have become available [30] at 2.6 to 4.2 keV (ORL-79). 
However, this range is probably better described by a smooth curve. 

In Fig. 8b the experimental data published after 1970 have been plotted. 
The ORL data have been corrected [63]. The mutual agreement between the 
plotted data is reasonably good. The ENDF/B-V and RGN-3 evaluations are 
within the spread of the experimental data. In the important range from 2 to 
20 keV the RGN-3 evaluation is somewhat lower than ENDF/B-V (Fig. 8a). There 
is, however, quite good agreement between RCN-3 and the measured points 
(GA-7I). We also note that the RCN-3 evaluation is in excellent agreement 
with STEK and GFRMF integral measurements. Very recently, measurements have 
been obtained at KfK in the range 10 to 70 keV [74]. These measurements are 
in excellent agreement with the RGN-3 evaluation, 

5. 'Q̂ Pd (Fig. 9) 

A serious discrepancy between the evaluations is observed in the range 
from 0.1 to 1 keV (Fig. 9a). The upper limit of the resonance range is 92 eV 
in ENDF/B-IV,-V and 155 eV in RGN-2A. This range has been extended up to 2 
keV in RCN-3 using the recent resonance parameters measured at Geel (GEL-79). 
Still, there are only minor differences between RGN-2A and RGN-3 in this 
range [8]. We conclude that the ENDF/B-IV,-V values need to be increased at 
100 eV to I keV. We also note that recently the thermal capture cross section 
at 0.0253 eV has been measured. The new value, OY ••22.0 1 1,1b [72] has been 
used to fit the RGN-3 cross sections. This value is appreciably higher than 
the previously recommended value of 14 b. Other new data: DUB-78, ORL-79. 

After the recent correction of the ORL-data [63] good overall agreement 
is obtained between the various experimental data (Fig. 9b). Possibly the 
Australian data need also corrections. The ENDF/B-V and RGN-3 [8] evaluations 
agree with most data within their errors at energies from 3 to 500 keV. In 
the MeV range the RGN-2A curve is below that of ENDF/B-V (Fig. 9a). We note 
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that French integral data indicate higher average capture cross sections in 
a fast reactor spectrum (discrepancy STEK-French data) l\81. New data: GEL-82. 

6. 'Q̂ Pd (Fig. 10) 

The new resolved resonance parameters measured at RPI [73] up to 655 eV 
have been included in the RCN-3 evaluation [ 8], see Fig. 10b. These data 
have been measured with the STEK fission-product sample, containing only 
15.7 % of '^^Pd. They are the main source of differential data available. 
From an analysis of these data [73] it follows that DQ^g'^10,7 eV, <ry> =̂  
125 meV, However, the fraction of missed s-wave levels is probably quite high 
[18], Therefore, more measurements have to be recoTnmended. This requires a 
better sample with a higher enrichment of 'O^pd. Recently, new data (NIR-89) 
have been reported up to 45 eV. The RCN-2A and ENDF/B-V evaluations are still 
based upon theoretical models in the entire energy range (Fig, 10a). 

The calculated fast cross-sections of RCN-2A and RCN-3 (Fig. 10b) 
have been adjusted to fit the integral STEK data. In the case of RCN-3 the 
value of Dobs has been decreased to 6.1 eV [ 8 ] ; the adopted value of <rY> 
was 125 meV, The RCN-3 values have been increased compared to RCN-2A in 
the range from 0,6 to 10 keV by adopting SQ = (0,69 ±0,30) x lO'^^eVS, 
obtained from an analysis of the new RPI data. The previous value of SQ was 
0,45 X 10"^.^ More experimental data are required. We recorraTiend integral 
transmutation measurements with highly-enriched samples in well-defined 
intense neutron fields [18], 

7. Ô̂ Ag (Fig. 11) 

There is a good agreement in the resolved resonance range up to about 
0.5 keV (Fig. 11a). At 0.5 to 1.0 keV there is a discrepancy (ENDF/B-IV,V 
lower than RCN-2A,3). New data reported at this meeting: ORL-82, JAE-82. 

In the smooth energy range (Fig, lib) there is a significant discrepancy 
between experimental data (DKE-60>FEI-65), The RCN-3 and ENDF/B-V evaluations 
are in agreement with STEK and CFRMF integral data. We recommend new measure
ments from 1 to 500 keV. This request has been satisfied with ORL-82, JAE-82 
data reported at this meeting. Integral data.with high accuracy would also be 
helpful [18], 

8. '̂ Ĉs (Fig. 12) 

The resolved resonance range of '̂ -̂ Cs extends up to about 2.5 keV in 
ENDF/B-IV,-V and 3.5 keV in RCN-2A,-3. The RCN-2A cross section has been 
adjusted to STEK (and CFRMF) integral data, resulting in a positive adjustment 
in the resolved resonance range, particularly at 1 eV to 3.5 keV. A similar 
adjustment has been applied to the RCN-3 point-wise given cross sections 
leading to increased cross sections in this range (see Fig. 12a). By this 
adjustment the resonance integral has been increased from 376 to 406 b, i.e. 
closer to the experimental value of 437 ±26 b [30]. We note that recently 
[30] the low-energy part of the resonance range has been revised (RPI-77, 
NIR-77, KIG-81). There still is a lack of capture data in the resolved 
resonance range above 40 eV. 

In the smooth energy range the effect of adjustment to integral STEK 
and CFRMF data is a decrease in cross section. The RCN-2 and ENDF/B-IV 
evaluations were based upon the KFK-69 data, which are much higher than the 
old Russian data (LEB-62). The recent Japanese data (KTO-79) confirm the 
relatively low values adopted in RCN-3 and ENDF/B-V. Note: The ORL-82 data 
reported at this meeting are also in agreement with KTO-79. 
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9. '^^Nd (Fig. 13) 

There are no important differences between the evaluations shown in 
Fig. 13a up to 500 keV, In the RGN-3 evaluation the resolved range extends 
up to 4 keV, using the AUA-78 parameters at 2.5 to 4 keV, The ENDF/B-V re
solved resonance range is limited to 0.6 keV (BNL-325, third ed.). The 
newest BNL-compilation [30] includes the recent data (GEL-75, AUA-78, RPI-79). 

In the smooth energy range (Fig. 13b) there is a good agreement between 
the various experimental data and evaluations up to about 70 keV. At higher 
energies the experimental data (AUA-77, JAE-79) indicate quite low cross 
sections, in disagreement with the model calculations. There are also dis
crepancies between RGN-3 and ENDF/B-IV.V evaluations, probably due to the 
uncertainties in the level scheme of 1̂ 3Nd [5]. Besides a re-evaluation of this 
level scheme, accounting for possible missed levels, there is a need for 
additional experimental data at 0.1 to 3 MeV, There is good agreement with 
the existing STEK data. 

10. '^^Pm (Fig. 14) 

The resolved resonance parameters (up to 316 eV) adopted in the 
available evaluations are based upon the work of Kirouac et al, [75]. The 
more recent Russian data (NIR-78) need to be combined in future evaluations. 

The smooth range (Fig, I4b) is obtained from model calculations. 
Adjustments have been applied to fit integral STEK and CFRMF data. The 
shape of the ENDF/B-IV,-V curves from 0.1 to 0.7 MeV is quite different from 
that of RGN-3. The reason is not very clear, since the adopted level schemes 
are the same up to 400 keV [5]. This discrepancy should be investigated by means 
of model calculations. Some experimental data in the range 1 to 500 keV would 
be helpful. Integral data performed at STEK were obtained with a sample con
taining 30% to 40% •47sm. This adds some uncertainty to the results. New 
integral data with a fresh '̂ p̂n, sample are recommended [18]. 

11. '^^Sm (Fig. 15) 

Resolved resonances have been adopted in RGN-3 and ENDF/B up to 150 eV 
and 100 eV, respectively. Their main source is BNL-325 (third edition), with 
some updatings, e.g. in the thermal range up to 12 eV (BNL-74). There is a 
discrepancy with ENDF/B-IV,-V at 20 to 100 eV (Fig. 15a) probably due to the 
use of different values of FY (62 meV in RGN-3; 49 meV in ENDF/B-V). In future 
updatings the resolved resonance range should be re-evaluated using recent 
information (JAE-81). Radiation widths are known only up to 31 eV (<rY> =62 meV). 

In the smooth energy range (Fig. 15b) there exists a discrepancy between 
the Russian data (FEI-75) and other recent experimental data (RPI-75, JAE-79) 
at energies up to 30 keV. All evaluated curves are still lower than these 
experimental points. The RGN-3 curve has been adjusted to fit the integral 
STEK measurements. ENDF/B-V is based upon a combined adjustment to differential 
data (RPI-75) and integral data (STEK). French integral data lead 
to an adjusted average cross section quite close to the RGN-2A (and ENDF/B-V) 
value [18]. Since the adjusted curves are below the recent experimental data 
there could be a discrepancy between differential and STEK data. We suggest new 
average capture measurements in the range 0.5 to 30 keV. In the high-energy 
range different level schemes have been used in the evaluations [5]. A 
critical quantity in the spin of the second excited state at 277 keV, which 
is probably 5/2 (RGN-3) rather than 3/2 (ENDF/B-IV,V) [5]. 
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12, '^'sm (Fig, 16) 

The resolved resonance parameters in ENDF/B-V are still based upon 
BNL-325 (third edition) with a maximum energy of only 6,5 eV. In RCN-3 this 
range has been extended up to 105 eV with new data (KAP-75), Recently, it was 
pointed out [32] that the number of missed resonances is quite high in these 
data. Therefore, a correction for missed resonances might be needed in 
future updatings. More recent data have been obtained at Dimitrovgrad (NIR-77) 
up to 18 eV, 

The value of T)^-^^ adopted in most evaluations also needs a significant 
correction [32], leading to quite high capture cross sections in the smooth 
energy range. These corrections need to be applied in new evaluations. There 
are no differential data available. The situation with respect to integral 
data is unsatisfactory [18]: the STEK sample contains only 6.13 % Sm and 
the PHENIX sample consisted mainly of '^"Sm (multiple capture in intense 
neutron flux). A large discrepancy was reported between RCN-2A and CARNAVAL-IV 
[18], indicating that the RCN-3 cross section should be higher. The ENDF/B-V 
value is appreciably higher than RCN-3. Evidently, more (integral) 
measurements with enriched '^'Sm samples are needed. There are large 
discrepancies between ENDF/B-IV, V and RCN-3 above 100 keV due to the use of 
different level schemes for '^Igm (missed levels in ENDF/B-V) [5]. We also 
mention that the ground-state spin of '^Igm should be 5/2 rather than 7/2 
as adopted in BNL-325 and ENDF/B-V. 

B. Less important fission products 

Some observed discrepancies between recent experimental data have been 
listed in Table 6b. They have been obtained from unpublished intercomparisons 
[78] and from inspection of graphs given in Refs. [5,6,8,76]. A general ob
servation from Table 6 is that the FEI-75 data are usually higher than the 
other data, particularly at the lower neutron energies. 

A few requests for new data have been listed in Table 7b. Many of these 
requests refer to unstable nuclides, for which samples are difficult to obtain. 
For the even-mass Pd isotopes average capture measurements are underway at 
Geel. These measurements have been requested by the author, in order to solve 
the systematic discrepancies [8] between the average cross section data ob
tained by Macklin et al. [63] and results from model calculations [8] based 
upon resonance parameters measured by Staveloz et al. [77]. From results 
presented at this meeting by Rohr for ^^^Pd it seems that most of these 
discrepancies have been resolved. 

VI. CONCLUSIONS 

(1) Theoretical models and methods used to predict capture cross sections of 
fission-product nuclei in the MeV range need to be re-evaluated. Partic
ular attention is needed for the description of spin- and parity distri
butions of target levels in the continuum. There are significant dif
ferences between various evaluations in the MeV range. 

(2) Serious discrepancies between the recent capture cross section evaluations 
occur in the resolved resonance range. Many new data (Table 2) should be 

(•\\ '^^^^^^^.'^^ "̂ ĥ se evaluations. This applies in particular to ENDF/B-V. 
Ki) Recent differential capture cross sections in the smooth energy range 
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(Table 3) have been considered only in the newest versions of the nuclear 
data files (e.g. ENDF/B-V). 

(4) Integral data have successfully been used to adjust the ENDF/B-V and 
RCN-2A, -3 data libraries. Other recent evaluations have been revised as 
a result of integral data tests (CNEN and JENDL updates). One-group cross 
sections of ENDF/B-V and RGN-2A are in quite good agreement (Table 4). 

(5) Lumped fission-product capture cross sections calculated from GNEN/GEA, 
ENDF/B-V, JENDL-1 and RGN-2A, -3 are in very good agreement. The one-group 
cross sections agree within about 1%. 

(6) Discrepancies between experimental data (Table 6) indicate problems for a 
large number of cases. Only a combination of model calculations, differ
ential data and integral data leads to acceptable results. 

(7) Some requests for new measurements (Table 7) refer to gaps in the nuclear 
data for stable nuclei. For long-lived unstable nuclei only very few data 
are available. Sample problems could prevent differential measurements; 
integral (irradiation) measurements in intense neutron fluxes are re-
connended in these cases. 
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Table 1, Characteristics of recent fission-product nuclear data evaluations. 

Item 

References 

Number of 
TTiaterials 

Format 

Date of 
r e l e a s e 

A v a i l a b i l i t y 

Use of i n t e 
g r a l d a t a 

Group 
c o n s t a n t s 

Decay d a t a , 
y i e l d s 

CNEN/CEA 

[1-3] 

63 

ENDF/B 

1978 

NEA-Data Bank, 
except for r e 
cen t upda t ings 
[3] 

only for r e c e n t 
upda t i ngs 
Nd-143, Sm-149, 

Sm-151, Pd-]05,PdM07 

25 groups [14] 
ad j , v e r s i o n 
CARNAVAL-IV [ l5] 

no 

JENDL-1 

[4-6] 

63 

ENDF/B 

1975-1977 

NEA-Data Bank, 
except for r e 
cen t upda t ings 
to 80 f , p , 
(JENDL-2 [6]) 

only in 
JENDL-2 

no 

RCN-2 
(KEDAK-3) 

[7] 

44 

KEDAK 

1977-1979 

NEA-Data Bank 

unadjus ted 

26 groups [ l6 j 
w i th ad ju s t ed 
v e r s i o n RCN-2A 
[16,17] 

no 

RCN-3 

[8] 

37 

KEDAK 

1981 

NEA-Data Bank 

ad jus t ed 
to STEK and 
CFRMF d a t a 

no 

ENDF/B-IV 

[9] 

a) 
825 

ENDF/B 

1975 

NEA-Data Bank 

unadjus ted 

yes 

ENDF/B-V 

[10-12] 

834^^ 

ENDF/B 

1979-1980 

NEA-Data Bank 

ad ju s t ed 
to STEK, 
CFRMF 

yes 

vo 

a) Cross sections for 196 nuclides. 
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T«bl« 2«. Adopted (ourrei of low-«n«rgy rnolv>d rotonance p«r«—t«ri in variouii evaluations for the most 
iaportant fiaaion producta. 

Nurlida 

'«'RU 

'"Su 

'"^Rh 

'°5pd 

'"'pd 

'"ca 

'"Nd 

'*^P. 

'•"s-

'*'s-

• a ) 

Noat rvcant data 

ICUR-73.RPI-77,KIL-78. 
KIG-8l.afU.-4S 

(RPI-75),DUB-80, 
ORL-80 

(RPI-75),OOB-80, 
ORL-80 

(ORL-79) 

DOB-78.CEL-79,ORL-79 

RPI-78, NIR-80 

Olti-ei,JAE-B2 

(RPI-77),NIR-77,KIO-81 

CEL-75,(RPW9),AUA-78 

NIR-78 

BHL-7*,JAE-81 

KAP-7S.NIR-77 

RNPF/B-V 

RPI-77 

(no rea.par.) 

RCN-2 

KUR-73 

(no rea.par.) 

GEL-75,AUA-78 

BNL74 

KAr-75 

K(N-1 

KUR-73 

in progrcaa 

in progrcaa 

CEL-79 

RPI-78 

(IIr75,AUA-78 

BNL-74 

KAP-75 

CNF.N/CEA 

KUR-7 3 

(no rea.par.) 

CEL-75 

I979-I<)82 
veraiona 

-

-

-

-

CEL-79 

RPI-78 

-

-

AUA-78 

KAP-75 

.lENOL-l 

(no res.par.) 

Table 2b. Adopted sources of low-energy resolved resonance parameters in various evaluationa for less 
iaportant fiasion producta. 

Nuclide 

'^Zr 

'^HO 

'^Ho 

'"HO 

'°°Ho 

Ru 

'°*Ru 

'"ca 

'*'pr 

'«„ 
'*»« 

'"EU 

Host recent data 

(only one resonance known) 

AUA-76,(RPI-77) 

AUA-76.(RPI-77) 

AUA-76, ORL-76 

AUA-76, ORL-77.79 

(no reaonances known) 

(RPI-75), (IWB-79), ORL-80 

KIL-79 (1 rea.) 

(RPI-79),(AUA-79) 

(RPI-75). (AUA-77), (NIR-79) 

AUA-77 

NIR-79 

ENDF/B-V 

(no rea.) 

(no res.) 

(no rea.) 

RCN-2 

-

ORL-76 

-

-

AUA-77 

-

RCN-3 

-

-

-

-

-

-

-

-

AUA-77 

-

CNEN/CEA 

(1 rea.) 

(random) 

(randon) 

('̂ random) 

JENDL-1 

(1 res.) 

-

-

-

b) 

b) 

«) Data not given in BNL-325, vol. I, third ed., 1973. Note that the Oak Ridge data have recently been 
reviaed [63], Theae correctiona are important for '"^Rh (-5X) and 'O^Pd (•IIZ). Corrections may also 
be needed in the ORELA data analyaad in Auatralia. Most of the unpubliahed data (indicated in parenth-
eaia) are given in Ref, [30]. 

http://KIG-8l.afU.-4S
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Table 3a. Adopted sources of differential capture data (E>1 keV) in various evaluations for the most im
portant fission products. 

Nuclide 

'̂ T̂c 

Ru. 

'°2R„ 

'^^Rh 

'"^Pd 

'"'pd 

'"% 
'^^Cs 

'"^Nd 

'"^Pm 

"*^Sm 

'5'sm 

a) 
Most recent data 

RPI-77,ORL-82 

RPI-75,ORL-80 

RPI-75,ORL-80 

RPI-75,CAD-76,BRC-79 
ANL-79,ORL-80,(KFK-81) 

RPI-75,AUA-78, 
ORL-8l,Gffi-fi2 

(no data) 

ORL-82,JAE-82 

KTO-79, (BRC-80),ORL-82, 
KURRI-82 

(RPI-77),AUA-78, 
JAE-78 

(no data) 

RPI-75,FEI-77, 
JAE-79 

(no data) 

ENDF/B-V 

RPI-77 

RPI-77,ORL-80 

RPI-77,ORL-80 

RPI-75,ORL-80 

RPI-75,ORL-79 

(no data) 

AUA-77 

(no data) 

RPI-75 

(no data) 

RCN-2 

RPI-75, 
CAD-75 

(no data) 

AUA-78, 
JAE-78 

(no data) 

RPI-75, 
FEI-76 

(no data) 

RCN-3 

in progr. 

in progr. 

RPI-75, 
ORL-80 

RPI-75, 
AUA-78, , 
ORL-81 '^' 

(no data) 

KTO-79 

AUA-78, 
JAE-78 

(no data) 

RPI-75, 
FEI-76 

(no data) 

CNEN/CEA 

CAD-75 

(no data) 

(no data) 

(no data) 

1979-1982 
versions 

-
-
-

RPI-75, 
AUA-78 

RPI-75, 
AUA-78 

(no data) 

-
-

AUA-78, 
JAE-78 

-
RPI-75, 
FEI-76 

(no data) 

JENDL-1 

(no data) 

(no data) 

(no data) 

1979 
version 

-

-
-
— 

-
-
-

AUA-78, 
JAE-79 

-
RPI-75, 
JAE-79 

(no data) 

Table 3b. Adopted sources of differential capture data (E>1 keV) in various evaluations for less impor
tant fission products. 

Nuclide 

"zr 

" M O 

Mo 

58„ Mo 

Mo 

103„ 
Ru 

•%u 

'3^Cs 

'^'Pr 

"*^Nd 

'^% 

' " E U 

Most recent data 

(no data) 

(RPI-77),AUA-78 

(RPI-77),AUA-78 

AUA-78 

AUA-78 

(no data) 

(RPI-75),ORL-80 

(no data) 

(RPI-78),AUA-79 

(RPI-75),AUA-78, 
JAE-78-80 

FEI-78,AUA-78, 
JAE-78-80 

(RPI-75),HAR-76,FEI-77, 
JAE-79 

ENDF/B-V 

(no data) 

AUA-78 

AUA-78 

AUA-78 

AUA-78 

(no data) 

(RPI-75), 
ORL-80 

(no data) 

(RPI-75) 

AUA-78 

(RPI-75), 
HAR-76,FEI-77 

RCN-2 

-

-

-

(RPI-75) 

-

RCN-3 

-

-

-

_ 

_ 

-

-

-

AUA-79 

(RPI-75), 
AUA-78, 
JAE-78-80 

FEI-78, 
AUA-78, 
JAE-78-80 

-

CNEN/CEA 

(no data) 

(no data) 

(no data) 

JENDL-1 

(no data) 

-

(no data) 

b) 

b) 

a) 

b) 

c) 

1976. Note that the Oak Ridge data have recently been 
important for 'OJRW, (_57\ , j 1 05PJ îll•7̂  r. .. • 
;„».....--,' „ . / Pd (+1U). Corrections may also 

Data not given in BNL-325, vol. 2, third ed 
revised [63]. These corrections are 
be needed in the ORELA data analysed in Au.:tral I'a c™" Ic^'li ,,. , 
esis) are available from the NEA Data Bank! "" °^ '^" unpublished data (indicated in parent 

New evaluation in progress [6]. 

Corrected data used [63]. 
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Tabla 4a, Avaraga captura cross sections in a fast power reactor (SNR-300) from varioua 
nuclear data librariea for the most important fission products. 

Nuclide 

V9-
Tc 

"»Ru 

'O^Ru 

•"Rh 

•"pd 

•o^d 

'°'Ag 

'*^M 

' " p . 

'*'s. 

Ordar of . 
importanca*' 

4 

2 

13 

3 

1 

6 

14 

5 

12 

8 

7 

9 

ENDF/B-IV 

0.49 

0.53 

0.19 

0,70 

0.83 

0.57 

0.48 

0.48 

0.30 

1.25 

1,41 

2.21 

ENDF/B-V 

0.61 

0.71 

0. 16 

0.68 

0.85 

0,81 

0.74 

0.46 

0.31 

1.21 

2.27 

2.54 

0-̂  "> (b) 

RCN-2 

0.54(I8Z) 

0.69(2IZ) 

0.20(39Z) 

0.64( 8Z) 

0.8I(I5Z) 

0.96(92Z) 

0.68(I7Z) 

0.50(I2Z) 

0.32( 8Z) 

l.04(24Z) 

2.24(23Z) 

2.I3( 8Z) 

RCN-2A 

0.59( 9Z) 

0,67(I0Z) 

0,I6(I5Z) 

0,64( 6Z) 

0,88( 7Z) 

0.94(I7Z) 

0.73(I0Z) 

0,49( 8Z) 

0. 30( 7Z) 

l.29( 7Z) 

2.2I(I3Z) 

l,80(IIZ) 

CNEN/CEA 

0.54 

0,75 

0,22 

0.63 

0.84 •=> 

0.79 "̂^ 

0.65 

0,49 

0.34 =' 

1,07 

1.76 «=> 

Mi*"' 

JENDL-1 

0.54 

0,71 

0.22 

0.65 

0.76 

0.75 

0.81 

0,45 

0,29 •*' 

1.08 

1.99 "> 

Ml") 

Table 4b. Averay capture cross sections in a fast power reactor (SNR-300) from various 
nuclear data libraries for less important fission products. 

Nuclide 

''zr 
'5„o 

'^Mo 

'«H0 

'°«Mo 

Ru 
I04„ 

Ru 

'"cs 

'*'pr 

'"Nd 

'*«Nd 

' " E U 

Order of 

iaportance *' 

32 

16 

10 

19 

22 

27 

17 

24 

21 

II 

36 

15 

ENDF/B-IV 

0.087 

0.29 

0.28 

0. 10 

0,078 

0,43 

0,14 

0.067 

0.15 

0.33 

0.18 

2.29 

ENDF/B-V 

0,087 

0.30 

0.29 

0. II 

0.085 

0.43 

0. 14 

0.067 

0.13 

0.43 

0.14 

?.46 

0 (b) 

RCN-2 

-

0.30(I7Z) 

0.30(I7Z) 

0.086(9Z) 

0,I0(26Z) 

-

0,I7(29Z) 

-

0.I3(I2Z) 

0.46( 8Z) 

0, I4(IIZ) 

-

RCN-2A*^^ 

-

0,28 (8Z) 

0.30 (9Z) 

0.087(6Z) 

0,074(8Z) 

-

0.14 (7Z) 

-

0.12 (7Z) 

0.48 (7Z) 

0.14 (7Z) 

-

CNEN/CEA 

0. II 

0,27 

0.28 

0. 10 

0.082 

I.IO 

0.18 

0.21 

0.13 

0.36 

0. 16 

2,47 

JENDL 

0.16 

0.30 

0.31 

-

-

-

0. 16 

0.27 

0.12 

0,34'*̂  

2.43 

"' According to EMDP/B-V. Total contribution in fast reactor (cone. • ô .) la 81. IZ. 

*•' Por the RCN-2 and RCN-2A values the relative uncertainties are indicated in parenthesis; 
underlined valuea differ more than one standard deviation from the RCN-2A values 

^̂  The revised evaluations (1979) yield enhanced values for '°^Pd. '"^pd, 
and a reduced value for '^'Nd r3]. These modifications are partly baa 
data analyaed by the French group at Cadarache. 

d) 

'*9SB and '51s« 

partly baaed upon Integral 

143„j I45„j 149c The Drcliainary JENDL-2 evaluationa [6] yield enhanced values for ''Nd, '*^Nd, 
and ^^'Sm and a reduced value for l^°Nd. 

»Sn 
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a) 
Table 5. Capture cross sections of the pseudo fission product 

for 239pu at 41 MWd/kg (irradiation time 460 days). 

group 
number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

c 

RCN-2A, supplemented 
with ENDF/B-IV 

0.003 (0.0063) ^•^ 

0.014 (0.015) ^^ 

0.033 

0.058 

0.084 

0. 120 

0.182 

0.256 

0.383 

0.588 

0.875 

1.308 

1.931 

3.054 

4.637 

9.68 

12.58 

20.75 

27.68 

57.32 

145.21 

21.54 

105.09 

63.97 

64.78 

1066 

0.4995 

ENDF/B-V 

0.006 (0.0092) ^^ 

0.015 (0.016) ^^ 

0.039 

0.067 

0.090 

0. 118 

0.174 

0.248 

0.378 

0.601 

0.916 

1.365 

1.993 

3.009 

4.419 

8.25 

10.93 

17.72 

28.23 

64.96 

146.89 

19.58 

93.43 

58.34 

61.12 

1040 

0.4983 

a) 
In barn/fission, 26-group ABBN scheme. 

^̂  See ref. [68]. 

^ Data corrected for a^^ and a^^ contributions [62]. 

This is the one-group cross section averaged over the SNR-300 
neutron spectrum (table 3.1. of [68]). 
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Table 6a. Observed diecrepanciea between recent experimental data acta for the moat important 
fisaion-product nuclides. 

Nuclide 

99, Tc 

lOlRu 
102, 

105, 

109 

133 

Ru 

Pd 
I 

As 
Ca 

.43, 

149 
Nd 

Sm 

151. 

Energy 
range 

resonance range 

4 - 5 0 keV 

faat 

5 - 1 0 0 keV 

15 - 30 keV 

faat 

3 0 - 1 5 0 keV 

10 - 200 keV 

70 - 200 keV 

7 - 3 0 keV 

faat 

fast 

Discrepancies 

Use Bm,-325, fourth edition; Tn in ENDF/B-V too small (E>25 eV) 

RPI-77 > KFK-73 (KFK-73 data may need correctiona for composicior 

of capaule [70]. *«" ORL-82 data in betueen. 

STEK>CFRMF (integral data) [6] 

RPI-7S>ORL-80 (ORL-80 in agreement with STEK) 

RPI-75 > ORL-80 ? 

PHENIX>STEK (integral data) [18] 

DKE-60 >> FEI-65. Heu ORL-82, JAE-82 data in betueen. 

KFK-69 > other data. 

AUA-77, JAE-79 too low? 

FEI-75> RPI-75, JAE-79 

STEK data predict lower average cross-sections 

PHENIX>STEK (integral data) [18] 

Table 6b. Observed discrepancies between recent experimental data for the less-important 
fission-product nuclides. 

Nuclide 

9«Mo 

I04.l06pd 
lOS.IIOpd 

I4lpr 

l«5Nd 

'*8Nd 

>47sm 

I 5 3 E U 

Energy 
range 

5-200 keV 

5-10 keV 

100-400 keV 

50-100 keV 

8-20 keV 

4-200 keV 

7-150 keV 

40-100 keV 

: 100 keV 

Discrepancies 

ANL-68 > AUA-76*) 

ORL-81 > GEL-80 (resonance parameters) [8] 

ANL-68 > lM-7\ 

AUA-77*)< RPI-75, JAE-79 [76] 

FEI-75 > JAE-78, AUA-77*[76] 

FEI-75 » JAE-79 [76] 

PEI-75 > RPI-75 [76] 

JAE-79 > RPI-75 [76] 

HAR-74 > RPI-75 

*' Corrections might be needed [33], 
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Table 7a. Suggested requests for capture cross section measurements for the most important 
fission-product nuclides^'. 

Nuclide 

99TC 

IOIRU 

"02RU 

'05pd 

107pd 

109Ag 

133cs 

lA3Nd 

l"Pm 

149Sm 

"51sm 

Energy 
range 

0.3-1.5 

I - 500 

fast 

1 -5 

0.5-10 

fast 

keV 

keV 

keV 

keV 

thermal-SOO keV 

fast 

1-500 

fast 

40 eV-4 

0.1-3 

fast 

I -500 

fast 

0.5-30 

0.1-100 

fast 

keV 

keV 

MeV 

keV 

keV 

keV 

Accuracy" 

±10% 

+ 10% 

± 5% 

±10% 

±10% 

± 5% 

±10% 

+ 5% 

±10% 

± 5% 

±10% 

±10% 

+ 5% 

±10% 

+ 5% 

±10% 

±10% 

± 5% 

Request 

Ty of resolved resonances 

average cross sections (request satisfied: 

integral data 

2grj, of resolved resonances 

gr^ of resolved resonances 

integral data, see [18] 

thermal cross section, resonance integral 

ORL-82) 

resonance parameters, average cross sections 
(sample problems) 

integral data (transmutation measurements) 

average cross sections (request satisfied: 

integral data, see [18] 

r^ of resolved resonances 

average cross sections 

integral data [18] 

average cross sections (sample problems) 

integral data, see [18] 

average cross sections 

average cross sections (sample problems) 

integral data (transmutation measurements. 

ORL-82) 

see [18]) 

"^^^"^^ 7b. Suggested requests for capture cross section measurements for the less-important 
fission-product nuclides^' 

Nuclide 

93zr 

108,110pd 

129i 

131 Xe 

I35cs 

Energy 
range 

1 eV - 200 keV 

fast 

1 - 100 keV 

0.1 - 100 keV 

fast 

4 - 200 keV 

fast 

50 eV - 200 keV 

fast 

Accuracy b) 

±15% 

+ 10% 

±15% 

+ 15% 

+ 10% 

+ 15% 

±10% 

±15% 

±10% 

Requests 

resolved resonances, average cross sections (sample 
problems 

integral data 

average capture cross sections (underway at 
CBNM, Geel; see data for ^08p^ ^t this meeting) 

average capture cross sections (planned ORL-KFK) 

integral data 

average capture cross sections (sample problems) 

integral data 

resolved resonances, average cross sections (sample 
problems) 

integral data 

«) For many fission products the most urgent needs with regard to reactivity calculations 

future fast power reactors; (2) to im^^vf ;r^:^ c L r t h f r ̂ ^ f e^^J^^tir'L " 
(3) to solve some discrepancies between experimental data (see Table 6) 

'' flux";LtZ!"ri:t::r:i lV.'l Z I T " ° ' ' ^ " ' ^ ° " ^" ̂  ^^^^-^ ^ ^ ^ power-reactor-
shape of response factions. ''"" """""^^ " required, due to uncertainties in the 
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(lO'eV''̂ ) 

0. 

5 -

II ° , 
1 

' • • • 

1 a ' • • 
° a 

^^ 

1 • 

black symbols 
1-assignments 
used (t > 20) 

10 100 1000 
t 

Fig, 1, Benchmark test of code CAVECN [38] for case Cl, 
Determination of Dobs* ^0 "̂'̂  ̂ 1 ^̂ ^̂  values of threshold multi
plication factors t-l to 150 (Case Cl). The onen data points 
were obtained without knowledge of the "true" average values, 
indicated by solid lines. At t >70 the value of <gT^ > was fixed 
in the analysis. Black points refer to an analysis using l-
assignments for strong resonances (i.e. those with gT^l/E > 20v\(E)) 
Note: Recently a revision has been applied to the code, leading 

to slightly different results when using £-assignments. 
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25 

20 
> 

15 

O exp. 

• adjusted 

10 
50 65 70 

Fig. 2. Local systematics of the level-density parameter a for nuclides 
with neutron number N above the magic number 50. Solid and dashed 
curves correspond to adopted systematics in the RCN-2 and ad
justed RCN-2A data files, respectively. See Fig. 4 for more 
recent systematics of a of the Pd-isotopes (RCN-3 evaluation). 

30 

> 
Z 25 

Odd-even effects in a 

O exp. Sm 

15 
82 8/. 86 88 90 92 9^ 

îg. 3. Odd-even effects in the level-density parameter a for nuclides with 
neutron number N above the magic number 82. Solid and dashed curves 
correspond to adopted systematics in the RCN-2 data file for odd-

i-nA i i ' i T Q T i ^ T n a c e ? r»rMT»T»r\i i r ^ H TM 1 j-t T . ^•^^t^T^^^/->•"^ T T z a l ^ 
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300 

110 A (target) 

Fig. 4. Suggested systematics of radiation width (f.-0) and level-
density parameter for even and odd target isotopes of Pd. 
Experimental data are indicated by points with error bars. 
The solid dots refer to data adopted in statistical-model 
calculations [8]. In the calculation of <Ty>f. the systematics 
of a was used rather than the experimental data points. 
Note: The experimental data of <Ty>Q for the even-mass isotopes 
need to be inareaeed (normalization problems). 
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Fig. 6a. Discrepancy 100-200 keV: see text. 
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Discussion 

QUESTION: E. Menapace 
Indications from integral measurements were taken into account in FP evalu
ations by CNEN/CEA with reference to 21 most important nuclides for capture 
estimates in fast breeders. According to these indications the evaluations 
of 5 nuclides (the only ones in disagreement) were revised with a proper 
consideration of basic parameters. Do you adopt a similar approach with 
respect to integral data or do you adopt a fitting procedure to both dif
ferential and integral data (as made for ENDF/B-V evaluations through the 
FERRET code)? 

ANSWER: H. Gruppelaar 
We have adopted a generalized least-squares adjustment method to obtain 
adjusted model parameters. These parameters have been used to recalculate 
the fast capture cross sections (adjusted RCN-3 data library). In a few 
cases we have further modified the model parameters to account for results 
from recent differential measurements. 

QUESTION: S. Mughabghab 
I am pleased to find out that a measurement of the thermal capture cross 
section of l̂ Sp̂ j ̂^̂ g finally carried out. Who carried out the measurement, 
what is the value and its uncertainty, and, (finally) the technique? I may 
point out that the recommended value of "BNL-325" 4^" edition is Oy = 
20.0 ± 3.0 b which is derived from consistency considerations. In addition, 
I would like to make the comment that you would expect to find differences 
between in the s-wave radiative widths of odd and even target Pd isotopes 
because of differences in the neutron separation energies. The Ty's of I'̂ P̂d 
and 10''Pd are expected to be larger than those of 1°^»108,110 ,p(ĵ  

ANSWER: Dr. Corvi 
The measurement of lOSp̂ j thermal capture cross section was carried out in 
Geel using Au(n,Y) as a standard. At the same occasion we measured Oy of 
lOSpd. xtie data measured are in agreement with the thermal capture cross 
section of the natural element. The data are to be found in the 1981 Geel 
Progress Report. 

QUESTION: G. Reffo 
Did you check whether the wrong A-dependence of <rY> you mentioned in Pd 
could not in part be due to wrong deformation parameters on which giant 
resonance parameters depend and which might bring in a wrong mass dependence. 

ANSWER: H. Gruppelaar 
In our calculations only a single giant-dipole resonance peak has been 
assumed. I don't think that the use of your recent systematics (using two 
giant dipole peaks, depending upon the deformation) will explain the observed 
odd-even effect in <rY>. 
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COMMENT: S. Mughabghab 
You would expect that the Ty of the odd isotopes to be higher than 
for the even isotopes because you have .i higher excitation energy. 

COMMEhfT: H. Gruppelaar 
That is an Important effect. The binding energy is different. 

COMMENT: S. Mughabghab 
For l°5pd it is 7-8 MeV, for the even Isotopes it Is ~ 5.8 MeV. 
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INTEGRAL MEASUREMENTS AND TESTS OF 

FISSION-PRODUCT NEUTRON CAPTURE CROSS SECTIONS* 

by 

R. A. Anderl 

EG&G Idaho, Inc. 
Idaho National Engineering Laboratory 

Idaho Falls, Idaho 83415 

Abstract 

This paper reviews the current status of measured 
integral data for fission-product fast-neutron capture 
and the application of those integral measurements for 
cross-section testing. The various types of integral 
experiments are described and an assessment is made of 
the utility of the measured data for testing cross 
sections. Although the integral data base is surveyed 
as completely as possible, specific emphasis is given 
to those integral data which have been published since 
the 1979 Bologna specialist's meeting on fission-product 
nuclei. As a second thrust of this paper, the utili
zation of measured integral data for cross-section 
adjustment and for conventional C/E testing is dis
cussed. Specifically, the role of measured integral 
data for the ENDF/B-V evaluation of fission-product 
capture cross sections is addressed. A detailed dis
cussion is presented of a study made to assess the con
sistency of the ENDF/B-V cross sections and the measured 
integral data from experiments in the Coupled Fast Reac
tivity Measurements Facility (CFRMF) and in the Experimental 
Breeder Reactor-II (EBR-II). We conclude the paper with 
a summary of the outstanding integral test discrepancies 
and point out the areas for improving consistency 
between integral data and evaluated cross sections. 

I. INTRODUCTION 

Over the past 12 years a significant effort has been made to improve 
the accuracy of fast-neutron capture cross sections for fission-product 
nuclides. The primary motivation for this effort was to improve the 

* Work performed under the auspices of the USDOE under DOE Contract No. 
DE-AC07-76ID01570. 
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accuracy for prediction of fission-product absorption effects in fast reactor 
systems. Fission-product absorption affects both burnup and reactivity for 
fast reactors and, as such, Impacts the economics considerations for reactor 
and fuel cycle design. For this reason, a design target accuracy of ^ 10% 
has been suggested for prediction of global fission-product absorption^'^'^. 
This requirement translates into a + 10% accuracy on bulk fission-product 
spectrum-averaged cross sections an^, because of possible systematic effects, 
places a requirement of ^ 10% accuracy on spectrum-averaged cross sections 
for important individual fission products^. More recently, design target 
accuracy requirements of _+ 7%** and +̂  5%̂  have been recommended for global 
fission-product absorption. 

Integral measurements for individual fission-product samples in fast 
neutron fields have provided an important data base for use in the eval
uation of the fission-product capture cross sections with the expressed 
purpose of meeting the above design target accuracy requirement. Key 
integral measurement programs are identified in Table 1. Comprehensive 
reviews of these measurements have been made by Bustraan^'^, Langlet and 
Martin-Deidier^, and Harker and Anderl^. The impact of Integral measure
ments on cross-section evaluations has been reviewed by Gruppelaar and 
Dekker . A comparison of fission-product capture cross-section eval-
uationj that have Incorporated Integral data has been made by Gruppelaar 
et. al . This latter work demonstrated the importance of Including 
the Integral measurements in the preparation of fast-reactor-design cross-
section libraries i f the design target accuracy for global fission-product 
absorption Is to be met. 

The present paper is an extension of the above review papers concerning 
Integral measurements and their application to cross-section evaluation. The 
purpose of this paper is two fold: (1) to review the current status of the 
Integral data base, with an emphasis on highlighting the integral data re
ported since the Bologna fission-product meeting in 1979, (2) to discuss the 
role of integral data in the cross-section evaluation process, with an 
emphasis on Integral testing for ENDF/B-V fission-product capture cross 
sections. In Section I I of this paper, a general review of Integral 
measurements is given. This Includes a discussion of various measurement 
techniques, a description of the measurement programs which have generated 
the Integral data base and an identification of the measured Integral data 
for the 50 most important fission-product nuclides in a fast reactor. The 
applications of Integral data to cross-section evaluation are reviewed in 
Section I I I . The discussion treats Integral tests and cross-section adjust
ment applications. Principal results of an Integral testing study for 
ENDF/B-V fission-product capture cross sections are presented in Section IV. 
Finally, in Section V we conclude with a summary of the status of Integral 
capture measurements for fission-products and an identification of integral 
test discrepancies which point out areas for future work. 

I I . REVIEW OF INTEGRAL MEASUREMENTS 

A. Measurement Techniques 

In general, the integral data used for fast capture cross-section eval
uation purposes are capture reactivity worths derived from reactivity worth 
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measurements and integral capture cross sections derived from measure
ments of the integral capture rates using activation or transmutation 
techniques. Each of these techniques will be discussed in the following 
paragraphs with an emphasis on those unique features which differentiate the 
three approaches and which impact their utilization for improving the capture 
cross-section data base. 

1. Reactivity Worth Measurements 

In measurements utilizing reactivity techniques, the sample is placed 
in a critical assembly and the reactivity effect due to introduction of the 
sample is measured. The reactivity effect is typically deduced in one of 
two ways: (1) from the time behavior of the neutron flux (inverse kinetic 
method) as the sample is oscillated through the core, (2) by balancing the 
reactivity effect of the sample by a small control member (auto-rod tech
nique) which is calibrated by a kinetic measurement^. According to first 
order perturbation theory, the reactivity effect of a nonfissionable sample 
is composed of absorption and scattering contributions and is represented by 

= X V 
s 

(ABS + SCAT) dr /NI (1) 
's 

where 

ABS = - j , i: (E) (j, (E,r) i>'' (E,r) dE (2) 
a 

S C A T = y ^ . 2^^ (E->E') * ( E , r ) | / (E',r) -<j,'' (E.?)}dEdE' 

--Jy 4 JE'"" ^f(^) * (E,r) Xf(E') (f."" (E',r) dEdE'dr 

(3) 

NI =Jv J^ Ĵ .v ^^(E) <(. (E,r) Xf(E') T (E',r) dEdE'dr (4) 

In these expressions V^ and V^ represent volumes of the sample and reactor, 

respectively; ^ (E) and ^._(E) represent macroscopic absorption and scatter-

ing cross sections for the sample; <i>{E,r) and i> (E,r) represent the real 
and adjoint fluxes; and NI, the normalization integral for the reactor, in
cludes the macroscopic fission cross section, z^, the prompt fission neutron 

spectrum, Xf, and the average number of neutrons per fission, v, for the fuel 

in the assembly. Typically, the normalization integral is determined by 
calculation or it is eliminated from the analysis by making the reactivity 
measurements relative to reactivity measurements for suitable standards^. 
Some of the unique features of this measurement approach are outlined in 
Table 2. Uncertainties in the measured quantities range from 3-10% or 
larger depending on the magnitude of the measured reactivity effect for 
the sample. 

As discussed in some detail by Bustraan^'^, the interpretation of 
reactivity worth measurements is difficult. Consequently, their applic
ation to the improvement of capture cross sections is somewhat complex^o. 
One observes from a glance at equations 1-3 that the following items dre 
particularly important to a successful application of the reactivity data 
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to capture cross-section improvement: (1) an accurate determination of the 
spatial and energy dependence of both the real and adjoint fluxes, •(E,r), 
and • (E,r), (2) the determination of a correction to account for elastic 
and inelastic scattering In the sample and (3) an estimation of flux de
pression and resonance self-shielding corrections for each sample. In gen
eral the specification of the real and adjoint spectra is based principally 
on neutronics calculations for the assemblies in which the measurements were 
made. These spectra have Inherent uncertainties because of modelling errors 
and uncertainties in the nuclear data used for the calculations. As pointed 
out by Gruppelaar et. al.^ , these uncertainties are not always Included in 
subsequent analyses which utilize reactivity Integral data. Scattering 
effects can result in large corrections, as much or greater than the capture 
effects, especially for weak to moderate absorbers (for example, Zr, Mo and 
Pd) in the harder neutron spectra. If the adjoint flux increases signif
icantly with energy, the scattering reactivity associated with the sample 
and with trace quantities of moisture in the sample can dominate the total 
worth of a sample and render the reactivity data nearly unusuable for testing 
capture cross sections^. Finally, for the fast thermal coupled facilities 
like ERMINE, STEK and CFRMF, large samples are required to get a measurable 
reactivity effect. Consequently, the reactivity worth measurements include 
the effects of flux depression and significant resonance self-shielding 
(especially in the softer STEK cores). These effects have been estimated 
to range from 10% to 40% for the STEK data^^. In spite of the complexity 
in the interpretation and application of reactivity integral data, Gruppelaar 
et. al^°*^^ and Schenter et. al^^ have demonstrated the Importance of in
cluding these Integral data in schemes to Improve fast capture cross sections 
for fission-product nuclides. 

2. Activation Measurements 

According to this approach, the capture effect for a sample is based 
on the measurement of the specific activity of a radioactive capture product 
produced from an irradiation of the sample in a well characterized neutron 
field. Gamma-ray spectrometry using Na(I) or Ge(Li) detectors is used to 
determine the specific activity of the irradiated samples^^. For the case 
of a stable sample and a single radioactive capture product (no Isomers), 
the analysis of the activation measurement is based on equation 5, 

. A I / T' _ A ê ^ \ 1 (r. 

where the jieutron flux, •" , and the spectrum-averaged or Integral cross 
section, o are given by equations 6 and 7, respectively. 

• = I^ •(£) dE (6) 

o^'ifz^ (e) 0̂  (E) dE}yV (7) 
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The parameters i n equation 5 are defined as fo l l ows : A is the peak area of 
a charac te r is t i c gamma ray wi th branching r a t i o b f o r the rad ioac t ive capture 
product; e is the detector e f f i c i e n c y , N is the number of ta rget atoms i n 
the sample; the term i n brackets accounts f o r the i r r a d i a t i o n , decay and 
count time h is to ry f o r the measurement; and the <S. correspond to correct ions 
to account f o r e f fec ts l i k e gamma-ray se l f absorpt ion and a t tenua t ion , ran
dom summing and l i v e t imer losses, neutron resonance s e l f - s h i e l d i n g i n the 
sample and i n t e r f e r i n g gamma rays. General ly, sample sizes are kept small 
to minimize se l f - sh ie l d i ng e f f e c t s . Ac t i va t i on in tegra l data are t y p i c a l l y 
reported as in tegra l react ion rates $~-^ v/hich are measured r e l a t i v e t o the 
integral react ion rates f o r standards or^they are reported as in tegra l cross 
sections derived from measured in tegra l rates by equation 7. In the l a t t e r 
case, an independent determination of the f l u x <j) is made f o r some power 
level and t h i s f l u x value is re la ted to the spec i f i c in tegra l experiment by 
means of power level monitors, f o r example the r e l a t i v e ac t i va t i on of -^^^Au. 
Some features of t h i s measurement approach are out l ined i n Table 2. Repre
sentat ive uncer ta int ies i n the measured react ion rates range from 3-10% with 
the largest uncertainty cont r ibu t ions general ly due to uncer ta in t ies in the 
nuclear data required f o r the ana lys is . 

I t is c lear from equations 5-7 that the app l i ca t ion of ac t i va t i on 
measurements to the improvement of capture cross sections depends i n a 
d i rec t way on: (1) an accurate determination of the energy dependence of 
the neutron f l ux spectrum i n the sample and (2) accurate neutron f l u x 
determination or accurate in tegra l react ion rate measurements f o r appl icable 
standard mater ia ls . In tegra l measurements by the ac t i va t i on method have 
been made generally i n fas t neutron f i e l d s f o r which a substant ia l exper i 
mental and ca lcu la t iona l e f f o r t was made to accurately character ize the 
neutron environment both i n terms of spectral shape and f l u x l e v e l . For 
example, errors in the spectrum shape character iza t ion f o r the Coupled Fast 
React iv i ty Measurements F a c i l i t y (CFRMF)^'*'^^ have been estimated to con
t r i b u t e ~ 2% to the uncertainty i n a calculated spectrum-averaged cross 
sect ion fo r f iss ion-product capture-^^. From a f l u x t rans fe r type exper i 
ment based on the ^^^Pu f i s s i o n cross sect ion and f i s s i o n chamber measure
ments in the CFRMF and NBS ^^^Qf standard neutron f i e l d , the in tegrated 
neutron f l ux level i n CFRMF has been determined to an accuracy of _+ 2.7%^^. 

3. Transmutation Measurements 

Transmutation experiments are yery s im i la r t o ac t i va t i on experiments 
except that the capture product need not be rad ioac t i ve . This method hinges 
on using mass-spectrometric techniques to measure the iso top ic atom ra t i os 
of the capture products wi th respect to the ta rget nucl ide concentrat ion. 
For the case of a s tab le , i so top i ca l l y enriched sample whose capture product 
is s tab le , the in tegra l react ion rate $-. ô  i s re la ted to the post i r r a d 
i a t i o n isotope r a t i o of the capture product to ta rget nuc l ide, namely 
N2/Np by the fo l lowing expression. 

a 
c { i n (1 + N 2 / N ^ ) | / t (8) 
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where t is the irradiation time. Equation 8 assumes that multiple capture 
effects are negligible and that the neutron flux is constant over the 
irradiation time. Similar, but considerably more complex, expressions can 
be derived which take into consideration features like the use of samples 
which are not isotopically enriched and depletion of the primary capture 
product either by radioactive decay or neutron capture. The sensitivity of 
the current state-of-the-art mass spectrometry dictates that high power irrad
iation facilities and samples with reasonably high isotopic enrichment are 
used for transmutation experiments. Some features of this measurement 
approach are presented in Table 2. In principle, this approach is capable 
of producing yery accurate measured integral data with uncertainties between 
1% and 2% in the simplest cases represented by equation 8^*^^. Transmut
ation experiments in which the analysis is complicated by neutron capture to 
isomeric and ground states, or by depletion of the capture product by decay or 
burnup, uncertainties in the measured integral data can range from 5% to 10% . 

The application of transmutation data to cross-section evaluation re
quires: (1) an accurate determination of the neutron flux spectrum in the 
sample and (2) an accurate determination of the neutron flux level or of 
Integral reaction rates for standard materials irradiated simultaneously 
with the sample. This does present some difficulty for experiments in high 
flux test reactors in which the neutron environment is not as well charact
erized as it is in a fast neutron "benchmark type" field. In general, 
neutron spectrum shape characterization for high power reactor experiments 
relies heavily on neutronics calculations. Modelling simplifications which 
are often required to make the calculations can give rise to significant un
certainty in the computed neutron spectra. It is possible however to refine 
the calculated spectrum shape by utilizing passive neutron dosimetry^^'^^. 
In this way, uncertainties in the neutron fluxes can be determined to +_ 3% 
to +_ 5%. In addition, contribution of the spectrum shape uncertainty to 
calculated spectrum-averaged cross sections for irradiated specimens can be 
determined to ~ +̂  5%. So, derived integral cross sections from transmut
ation experiments that have been made to date are known to +̂  6% to _+ 7%. 

B. Measurement Programs 

Programs for measuring Integral capture data for individual fission 
products in fast neutron fields have been carried out in Sweden, the 
Netherlands, the USA and in France. A breakdown of these programs in 
terms of facilities used and the types of measurements made is given in 
Table 1. Table 3 provides a semi-quantitative characterization of some of 
the central fast neutron fields used in these programs as compared to core 
and blanket spectra for a typical 1000 MW LMFBR^^. A graphical illustration 
of representative fast neutron spectra is given in Figure 1. In the follow
ing paragraphs, the facilities used in each measurement program will be 
briefly described and the corresponding Integral measurements documentation 
will be cited. 

1. Swedish Program 

Reactivity measurements for 10 fission-product Isotopes were made by 
the oscillation technique in FRO^^ These measurements were completed prior 
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to the 1973 Bologna meeting on fission products and no further measurements 
have been carried out. FRO was a fast critical reactor which used 20% en
riched ^^^U as fuel and graphite, stainless steel, aluminum and polyethylene 
as moderator materials. Reactivity measurements were made in three different 
cores with different neutron spectra. The fission-product v/orth measurements 
were normalized to reactivity worth of a sample of 235u enriched to 93%. The 
central neutron spectra were derived from neutronics calculations. Documen
tation for this work is found in Reference 23. 

2. Netherlands Program 

The largest body of integral capture data for fission-product isotopes 
was measured in the STEK facilitŷ '* located at Petten, The Netherlands. The 
measurement phase of this program was completed prior to 1974 and a report^^ 
was issued in 1976 documenting the measured worths for all samples. Since 
this early measurement period, there has been an on-going effort at Petten 
related to capture cross-section evaluation and the utilization of the STEK 
integral data for generating adjusted cross-section libraries^^. 

STEK was a fast-thermal-coupl ed critical facility built specifically 
for the integral determination of fission-product capture cross sections in 
fast reactor spectra. Central reactivity worths measurements were made by 
the oscillation technique for 57 fission-product isotopes in five different 
STEK cores. The cores were built up from highly enriched uranium fuel and 
graphite moderator material. Five different atom ratios of carbon to ^^^U 
were used to establish central fast zone spectra with varying degrees of 
hardness, STEK-4000, -3000, -2000, -1000, -500. An extensive program of 
spectrum measurements and neutronics calculations was carried out. The 
spectra recommended for use with the measured integral data are those re
sulting from neutronics calculations with slight adjustments to fit a 
selected set of reaction-rate and reactivity measurements^^. Covariance 
matrices based upon uncertainties in the nuclear data used for the neutronics 
calculations were evaluated for the spectra. 

The measured integral data correspond to reactivity worths in the five 
cores for samples of various sizes and compositions. Scattering contributions 
were calculated for all measurements and they were subtracted from the 
measured total reactivity effect to yield "measured" absorption reactivity 
worths. For weak-to-moderate absorbers (for example, Zr, Mo and Pd), scatter
ing effects resulted in corrections which were as much or greater than the 
capture effects. For strong absorbers, the scattering corrections were con
siderably less than this. No self-shielding corrections were applied to reduce 
the "measured" absorption reactivity worths to worths at infinite dilution. In 
view of this point, it should be noted that for both integral test and cross-
section adjustment applications which utilize the STEK integral data, self-
shielded capture cross sections associated with each nuclide in a sample with 
a unique size are required in the computation of calculated worths. The reader 
is referred to References 24, 25 and 27 for a more complete description of the 
facility, the measuring techniques, and the detailed integral results. 

3. US Program 

Integral capture measurements for fission-product nuclides have been 
made using the fast neutron f ie lds of the CFRMF̂ '" and the Experimental 
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Breeder Reactor- I l , EBR-II^^, located at the Idaho National Engineering Lab
oratory, INEL. Both act ivat ion and react iv i ty measurements were made in the 
CFRMF in the mid-seventies . The Integral data obtained from the EBR-II 
experiment were measured by the transmutation approach . 

The CFRMF is a zoned-core c r i t i c a l assembly with a fast-neutron spectrum 
zone in the center of an enriched ^^^U, water-moderated, thermal "dr iver" . The 
thermal driver zone fuel elements are conventional plate elements of aluminum 
clad 93% enriched ^ n J . The central fast zone is produced by a water-free 
f i l t e r assembly which ta i l o r s the neutron energy spectrum Incident on i t from 
the thermal dr iver. The f i l t e r consists primarily of a large depleted uran
ium block clad externally with stainless steel and boral. Access to the 
center of the f i l t e r assembly is provided by an axial experiment hole through 
the block. The experiment hole is l ined with stainless-steel clad concentric 
cylinders of ^°B and ^^^J . This f a c i l i t y is a Cross Section Evaluation Work
ing Group (CSEWG) benchmark f i e l d for data test ing dosimeter, fission-product 
and actinide cross sections for the US Evaluated Nuclear Data Fi le (ENDF/B). 
Specification of the central neutron spectrum has been established by means 
of a comprehensive program involving neutronics calculations, active neutron • 
spectrometry and passive neutron spectrometry^^' . Figure 2 I l lus t ra tes a 
comparison of a broad group CFRMF spectrum obtained from a transport calcul
ation to a f ine group representation that includes f ine structure due to 
resonances in the cross sections for the materials which comprise the fac
i l i t y . A sens i t i v i ty and uncertainty analysis has been made to determine 
a central neutron spectrum f lux covariance matrix related to the uncer
ta in t ies and correlations in the nuclear data for the materials which com
prise the f a d l i t y ^ ^ . For more complete details describing the f a c i l i t y 
and the central spectrum recommended for data test ing, the reader is 
referred to References 14, 15, 29, 30 and 31. 

Integral capture data based on the activat ion method were reported 
or ig ina l ly^^ for 38 fission-product nuclides. These Integral data were 
reported as ratios of the capture rates with respect to the measured f iss ion 
rate for ^ ^ ^ . Subsequently, these data were updated for the 1979 Bologna 
meeting on fission-products with an emphasis given to using current decay 
data and a f lux normalization scheme which was consistent with that for the 
dosimeter Integral data base for CFRMF. In the reanalysis e f fo r t , some of 
the ear l ier measurements were judged suspect and were eliminated from the 
CFRMF data base used for cross-section test ing. Integral cross sections 
reported in Reference 9 were derived by dividing the measured Integral 
reaction rates by a neutron f lux value established by means of a power 
level ironitor based on measured ^*^Au act ivat ion and a f lux transfer 
using the ^^^Pu(n,f) reaction and the NBS ^^^Cf standard source^^. The 
integral cross sections reported in Reference 9 have uncertainties ranging 
from + 5% to + 7%, whereas the overall uncertainties for the original i n -
tegraT d a t a ^ ^ e r e - +10%. 

Reactivity measurements have also been made with the CFRMF for several 
fission-product nuclides. The data exist only as an Internal company doc
ument. The react iv i ty effects were measured by a control rod calibrated 
against periods. These measurements are probably not suitable for evaluating 
capture cross sections because of the d i f f i c u l t y in reducing the measured 
to ta l worth to an accurate capture worth. The reasons for th is are as fol lows: 
(1) the CFRMF has a low react iv i ty sens i t i v i ty to absorption effects for 
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samples placed in the fast filter assembly, consequently large samples are 
required to get a measurable effect and the result is significant flux 
perturbation in the sample; and (2) the CFRMF has a high reactivity sen
sitivity to scattering because the adjoint spectrum increases significantly 
with increasing neutron energy, consequently scattering effects often dom
inant absorption effects. It has been suggested that these reactivity 
measurements could be useful for testing the scattering cross sections for 
important fission product nuclides^-. 

Integral capture measurements for selected isotopes of Nd, Sm and Eu 
have been reported for an irradiation experiment in the EBR-IH^'i^. E3R_ 
II is a liquid metal cooled high power fast test reactor that has been a 
cornerstone for fuels and materials testing important to the US fast re
actor program^^. In this experiment isotopically enriched samples were 
located both at midplane and in the reflector. Integral capture reaction 
rates were obtained by the transmutation method using post-irradiation 
mass-spectrometric analyses. The neutron spectra and fluxes for the 
samples were characterized using passive neutron dosimetry and spectrum-
unfolding with the FERRET least-squares data analysis code^^iss. Prelim
inary results of the work are found in Reference 18 and the comprehensive 
final report"̂ ^ has recently been published. 

4. French Program 

An extensive series of integral measurements for individual fission-
product nuclides is being carried out by the French using the fast-thermal-
coupled reactor ERMINE, the fast critical reactor MASURCA, and the high 
power LMFBR PHENIX. An overview of this program is found in Reference 8. 
Both reactivity measurements by the oscillation technique and activation 
measurements have been made with the ERMINE facility. Only reactivity 
measurements have been made in MASURCA. Integral data obtained from the 
irradiation experiment in PHENIX were measured by the transmutation method. 
Some phases of this work have been reported ̂ O' ^\ However, in general, 
integral results from the French program are not available in sufficient 
detail to the international fast reactor community for use in their own 
laboratories. 

C. Integral Data Base 

An identification summary of the integral capture data base for 50 
fission-product nuclides of most importance to fast reactor systems is 
given in Table 4. This summary provides an indication of the coverage 
of integral measurements generated by the programs described in the last 
subsection. The reader is referred to the references cited in that sub
section for specific details concerning the measured integral data. The 
ordering of the nuclides in Table 4 is according to estimated percent con
tribution to total fission-product absorption in a large fast reactor after 
300 days of operation^^. In the table. A, R and T stand for the type of 
integral measurement made, namely, activation, reactivity and transmutation 
respectively. It should be noted that of all the measurements indicated ' 
in Table 4, final results for the transmutation experiments in EBR-II were 
the only "new" data reported since the 1979 Bologna meeting on fission 
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products. Additional experiments are underway at PHENIX but the results are 
not available. The emphasis since 1979 has been more on the application of 
Integral data than on the measurements of new data. 

III. APPLICATIONS OF INTEGRAL DATA 

Integral data have been used in a variety of ways for the improvement of 
fission-product capture cross sections. These Include: (1) cross-section nor
malization, (2) Integral testing and (3) adjustment schemes. Integral cross 
sections were used in the preparation of ENDF/B-IV to normalize differential 
curves based on model calculations for several fission product class nuclides^^. 
This approach was taken because the measured differential data base was 
sparce or non-existent for many nuclides and the model calculations had 
significant normalization uncertainties. Integral testing in which measured 
integral data are compared with integral data computed using differential 
cross sections and spectrum representations is the traditional approach used 
for ENDF/B and JENDL to assess the consistency between evaluated cross 
sections and the measured integral data. Adjustment procedures have been 
developed and applied in which the integral data are directly incorporated 
in the Improvement of capture cross sections by means of model parameter 
adjustment, pointwise cross-section adjustment and multigroup cross-section 
adjustment. Integral testing and adjustment schemes are discussed in more 
detail in the following two subsections. 

A. Integral Tests 

The primary objective of an integral test is to make a "consistency 
check" of an evaluated differential cross section by comparing the measured 
Integral datum to that computed using the differential cross section for the 
reaction in question and the neutron spectrum of the field in which the 
measurement was made. Although the following development emphasizes the use of 
Integral cross sections derived from activation or transmutation experiments, 
most of the discussion applies also to the use of reactivity data for integral 
test applications. Typically, multigroup representations of the cross section 
and spectrum are used in the computation of the calculated integral datum. For 
example, this computation takes the form of equation 9 for an Integral cross 
section ff. where •• and o. are group-average quantities for the fluxes and 

cross sections, respectively, and the group index i is summed over all groups. 

"o = Z. a. 6. / Z. 6. (9) 
c 1 1 *i / 1 *i ^ ' 

The "consistency test" then entails computing the ratio of the calculated-to-
the-measured quantity, C/M, and assessing whether the ratio indicates a dis
crepancy outside the error determined for the C/M ratio. Typically in the 
past for fission-product capture cross sections, only the error on the measured 
quantity was quoted^^. A discrepancy outside this error was then used as a 
guide to point to an inadequacy in the differential data base originating from 
either the cross section or the neutron spectrum. As a first approximation 
this discrepancy was assumed to be primarily due to normalization problems in 
the model calculations or in the measured differential data. Bearing in 
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mind that the integral test, as such, provides no information about detailed 
shapes of cross sections, this assessment of an integral test discrepancy 
assumes that the shapes of the tested cross section and the spectrum are 
known very accurately. This may not always hold true. Caution is then 
demanded concerning the interpretation of the integral test because apparent 
consistency or unconsistency between differential data and integral data can 
result if either the cross-section or spectrum shapes are significantly in
correct. 

A more rigorous assessment of integral tests requires a comprehensive 
treatment of all the major sources of error which contribute to the uncer
tainties in the C/M ratios. This treatment should include an evaluation of 
the measured integral data base, a determination of uncertainties and cor
relations for the spectrum shape, estimates of the uncertainties and correl
ations for the evaluated cross sections, and an assessment of computational 
errors. Standard error propagation rules can then be used to estimate the 
various uncertainty contributions for the computed integral datum, for 
example, an integral cross section based on equation 9. The uncertainty in 
the C/M ratio can then be viewed as the quadrature sum of the error in the 
measured quantity and the error in the computed quantity. An example of 
this approach to integral testing for fission-product capture cross sections 
on ENDF/B-V is found in Reference 16. The principal results of that study 
are included in this paper in Section IV. 

Computational errors related to the use of processed multigroup cross 
sections can, in some cases, provide a significant bias to the C/M ratio. 
A minimization of this source of error demands that when collapsing cross-
section data into multigroup format that a weighting function be used which 
is representative of the actual spectrum in which the measurements were made. 
This requirement is particularly crucial for cases in which there is signif
icant overlap between the spectrum structure and the cross-section resonances. 
Such errors, as large as seven percent, were noted in the integral testing 
study^^ for fission products when a comparison was made of integral cross 
sections computed using cross sections processed with a 1/E + fission 
spectrum type weighting and cross sections processed using actual CFRMF 
spectrum weighting. 

In recent ENDF/B-V evaluations^^ for fission products, integral data 
have had a direct influence on the generation of evaluated capture cross 
sections. Under these circumstances one may question the interpretation 
or validity of an integral test analysis. This question is examined in 
Section IV. 

Finally, the interpretation of an integral test analysis and its 
application to evaluating a cross section should be made with some knowledge 
of the reaction energy response in the neutron spectrum. This serves to 
point out those neutron energy ranges over which the integral assessment 
applies. Examples of reaction energy responses in the CFRMF spectrum for 
some fission-product reactions are given in Figures 3, 4 and 5. The top 
half of each figure shows a 72-group representation of a specific cross 
section and the bottom half shows the relative energy response of that 
reaction in the CFRMF central spectrum. The area under each response 
histogram is normalized to 1.0. Hence one can readily note the fractional 
response from each group. 
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The primary purpose of showing the cross-section response plots is to 
I l lustrate the variability and complexity of the reaction response, es
pecially when resolved resonances contribute substantially to the total 
response. As Illustrated in Figure 3, the response for ^^Tc in CFRMF Is 
relatively broad with minor structure due principally to structure in the 
CFRMF spectrum. The case for ^^^Ru, Figure 4, shows the onset of resolved 
resonance response contributing approximately six percent to the total re
sponse. A more dramatic case of significant resolved resonance response is 
that for ^o®Pd, Figure 5, in which the two resonances at .03 keV and .09 keV 
contribute approximately 11% and 15% respectively to the total reaction re
sponse. This resonance response is in an energy range of the neutron spect
rum where the flux Is fal l ing off rapidly and where significant structure is 
present in the flux spectrum (see Figure 2). The example of ^°^Pd points 
to the need for accurate treatment of cross-section processing in terms of 
spectrum weighting and accurate resonance self-shielding. 

Integral test analyses have played an Important role in the generation 
of evaluated fission-product capture cross sections in the USA and in Japan. 
Reference 29 Includes the results of data testing for ENDF/B-IV fission 
product cross sections. As stated earlier, an Integral testing study^^ 
based on CFRMF and EBR-II Integral data, was made for ENDF/B-V cross sections. 
Some of the results of that work are included here in Section IV. At the 
Bologna meeting in 1979, lijima reported 36 on a comprehensive data testing 
study of the JENDL-1 library based on CFRMF and STEK integral data. Data 
testing for JENDL-2 against this same integral data base was not completed 
for use at this fission-product specialist meeting3^. 

B. Adjustment Applications 

There are two distinct viewpoints of cross-section adjustment as related 
to data evaluation. One generally accepted viewpoint is that integral mea
surements are useful to adjust multigroup cross sections and that these 
adjusted cross sections are then valid in limited applications that are 
very similar to the Integral experiments. Because the adjustments may re
flect modelling errors or other undetected problems, the adjustments are 
not viewed as Improvements of the basic cross section itself 3®. Another 
viewpoint is that i f all significant sources of error are identified and 
estimated, one is justified in applying Integral measurements to Improve 
the microscopic cross sections^"* . Typically Integral data have been used 
in three ways: (1) to adjust multigroup representations of the cross sections, 
(2) to adjust nuclear model parameters and (3) for adjustment of pointwise 
cross sections. The methodology associated with each of these three approaches 
has been reviewed in detail by Gruppelaar^^. A common denominator in each 
approach is the util ization of a least-squares adjustment formalism and a 
treatment of uncertainties and correlations for the measured data, the dif
ferential cross sections and the neutron spectra. 

Integral data have been used by the French and the Dutch in the 
applications-oriented approach In the generation of the CARNAVAL-IV and 
RCN-2A adjusted multigroup cross-section libraries, respectively, for 
design of fast reactors . According to this approach, evaluated pointwise 
cross sections are based on differential measurements and nuclear model 
calculations. The pointwise cross sections are expressed in a multigroup 
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representat ion and group constants adjustments are made based on in tegra l 
data measured in "benchmark" f as t neutron f a c i l i t i e s whose neutron spectra 
are s im i la r to those i n a t yp i ca l f as t power reactor . In tegra l data from 
MASURCA, ERMINE, PHENIX, STEK, CFRMF and FRO were used to obta in ad jus t 
ed group constants f o r CARNAVAL-IV. The RCN-2A adjusted l i b r a r y is based on 
in tegra l data from STEK and CFRMF. Gruppelaar e t . al.-^-^ have demonstrated 
the importance of t h i s approach f o r achieving the target design accuracy f o r 
pred ic t ion of global f i ss ion-product absorption i n a fas t power reactor . 

Capture cross sections f o r f i s s i o n products in the forthcoming Dutch 
RCN-3 evaluation"^*^ are based on a procedure which u t i l i z e s in tegra l data i n 
a least-squares-adjustment of important s t a t i s t i c a l model parameters ( r a d i 
a t ion widths, level spacings, strength f unc t i ons ) . According to t h i s 
approach, d i f f e r e n t i a l data and nuclear systematics are used t o es tab l i sh 
the a p r i o r i model parameters, namely those f o r RCN-2. Model parameter 
adjustments are then made based on STEK and CFRMF in tegra l data. The ad just 
ed model parameters are then used in a s t a t i s t i c a l model p resc r ip t i on to 
generate an evaluated pointwise curve above the resolved resonance region . 

Integral data have also been used simultaneously wi th d i f f e r e n t i a l data 
in a least-squares-adjustment analysis of microscopic d i f f e r e n t i a l cross 
sections derived from e a r l i e r evaluations or from nuclear model ca lcu la t i ons . 
Several of the f iss ion-product capture evaluations f o r ENDF/B-V were made 
in t h i s way using the STEK and CFRMF in tegra l data base^^. 

The least-squares-adjustment methodology developed f o r cross-sect ion 
adjustments appl icat ions re fer red to above provides an important too l f o r 
analysis of in tegral experiments i n high power t es t reactors i n which the 
usual spectrum character iza t ion is not de ta i led to the spec i f i c neutron 
environment of each experiment. A d i rec t benef i t of t h i s approach is the 
generation of in tegra l data and spectra wi th complete covariances f o r use 
i n in tegral tes t analysis or f o r the generation of adjusted mult igroup 
cross sections wi th associated covariances which can be used d i r e c t l y i n 
cross-sect ion adjustment evaluat ion app l i ca t ions . An example of t h i s 
approach is given i n the fo l low ing paragraphs f o r an in tegra l experiment i n 
EBR-II which has been recent ly documented-^ . 

The experiment consisted of the f o l l ow ing : (1) row 8 i r r a d i a t i o n of 
iso top ica l ly -enr iched samples of Nd, Sm and Eu and passive dosimetry sets 
i n d i f f e ren t neutron spectra (midplane, r e f l e c t o r ) , (2) mass-spectrometric 
determination of the in tegra l capture react ion rates f o r the rare-ear th 
samples, (3) and radiometr ic determination of the in tegra l react ion rates 
f o r the dosimeters. F lux/cross-sect ion adjustment analyses were made wi th 
the FERRET code^^ u t i l i z i n g the measured in tegra l data f o r the dosimeter 
and rare-earth samples. A p r i o r i data input to those analyses included 
multigroup cross sections f o r the dosimeters and f i s s i o n products based on 
ENDF/B-IV, multigroup neutron spectra derived from neutronics ca lcu la t ions 
f o r EBR-II , and f l ux and cross-sect ion covariance matrices based on a 
parametric representation f o r the cor re la t ions between groupwise uncer
t a i n t i e s . 

Basical ly two types of analyses were made: (1) neutron spectra char
ac te r i za t ion - neutron spectra i n the experiment capsules were obtained by 
a simultaneous adjustment of the input spectra and the dosimeter cross 
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sections within the constraints specified by the measured integral data 
for the dosimeters and the a priori uncertainty and correlation specifi
cation for the input data, (2) simultaneous adjustment of all cross sections 
and spectra - data Input were the same as for type 1 but expanded to Include 
appropriate fission product cross sections, covariances and Integral data. 

The principal results of the f i rst analysis namely adjusted spectra and 
associated covariances, are a much improved characterization of the neutron 
spectra for the fission-product Integral data. As such, they can be used by 
the evaluator, along with the measured fission-product integral data to 
Integrally test microscopic cross sections. The principal results of the 
second analysis, namely adjusted fission-product cross sections and assoc
iated covariances, can be utilized directly in a microscopic cross-section 
evaluation. The latter application provides a direct comparison of the in
formation contained in the integral experiment to the body of measured dif
ferential data or model calculations. Results from both types of applications 
are given here. The util ization of the EBR-II integral data for Integral 
test analyses is Included in Section IV. A comparison of the adjusted multi-
group cross sections to recent differential data for the most Important 
fission-product cross sections in the experiment is given in Figures 6-10. 

Shown in Figures 6 and 7 are plots comparing the EBR-II adjusted capture 
cross sections for '̂•̂ Nd and *̂*̂ Nd to other data spanning the energy range 
from 1 keV to 10 MeV. The STEK adjusted cross sections in both figures were 
taken from Reference 26. The differential data included: for ^ ^Nd, mea
surements by Nakijima et. ^ l ***^ and Musgrove et. a l . ; for *'*̂ Nd measure
ments by Nakijima et. al.** and by Shaw and collaborators'*^*'*'*. In general 
for '̂•̂ Nd and '̂*̂ Nd, there is good agreement between the EBR-II adjusted 
cross sections, the STEK adjusted cross sections and the differential data. 
Differences between the STEK and EBR-II adjusted cross sections above 
-800 keV, especially for ^'*^d, are most likely related to the significant 
shape differences in this energy range between RCN-2 and ENDF/B-IV cross 
sections used as a priori data in respective analyses'*°. The shape dif
ferences are traceable to nuclear model calculation differences. The need 
for upward adjustment of the ENDF/B-IV fast capture cross section for 

"̂•̂ Nd is demonstrated. 

Figures 8 and 9 I l lustrate the data comparison for '̂*̂ Sm and '̂*̂ Sm, 
respectively, over the energy range from 1 keV to 10 MeV. The STEK adjusted 
cross sections are from Reference 26. The differential data Included: 
for '̂•̂ Sm, measurements by Mlzumoto** ;̂ and for '̂*̂ Sm, measurements by 
Mlzumoto'*̂  and by Shaw et. al.'*^''*'*. Figure 8 indicates good agreement 
between both adjusted multigroup cross sections and the differential data 
and points to the need for a re-evaluation of the ENDF/B-IV i'*̂ Sm fast 
capture cross section. As Illustrated in Figure 9, the recent differential 
data and the adjusted multigroup cross sections Indicate the need for re
evaluating the fast cross section for '̂•̂ Sm. However, the EBR-II adjusted 
cross section appears to be discrepant with the othe** data, especially 
below 10 keV. The source of this inconsistency is traceable to the choice 
of a priori correlations used to describe the unresolved and smooth energy 
regions which join at 10 keV^ .̂ A chi-square test which utilizes the ful l 
covariance matrix for the EBR-II adjusted cross section demonstrated its con
sistency with respect to the other data^^. This example points out that the 
interpretation and application of adjusted cross sections can be misleading 
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i f one ignores the underlying cor re la t ions imposed by the in tegra l data. 

F i na l l y , i n Figure 10 we i l l u s t r a t e a comparison of the EBR-II adjusted 
curve f o r ^^^ELI t o the most recent d i f f e r e n t i a l data, tha t of Mlzumoto 
e t . a l . ' * ^ . Both the EBR-II adjusted curve and the measured d i f f e r e n t i a l data 
ind ica te the need f o r some upward adjustment of the ENDF/B-IV f a s t capture 
cross sect ion f o r -^^^Eu. 

IV. INTEGRAL TESTS FOR ENDF/B-V FISSION PRODUCTS 

An i n teg ra l - t es t i ng study^^ has been done f o r f i ss ion-product capture 
cross sections in ENDF/B-V. This study is an in tegra l part of the f o r t h 
coming formal ENDF/B-V Data Testing Report. A summary of the work f o l l ows . 

The analysis used in tegra l cross-sect ion data derived from measurements 
i n CFRMF and EBR-II. The STEK resu l ts were not used because the r e a c t i v i t y 
worth data, as reported^^, have not been corrected fo r resonance s e l f - s h i e l d 
ing ef fects and do not correspond to capture worths at i n f i n i t e d i l u t i o n . 
For the CFRMF re la ted data t e s t i n g , mult igroup spectrum representat ions based 
on t ransport ca lculat ions wi th both ENDF/B-IV and ENDF/B-V nuclear data f o r 
the materials which comprise the f a c i l i t y were used in the ca l cu la t i on of 
spectrum-averaged cross sect ions. Fine s t ruc ture e f fec ts were included in 
the spectrum representat ions. Neutron spectra used fo r the EBR-II re la ted 
data- test ing were based on mult igroup spectrum representations obtained from 
spectrum unfolding analyses as described i n Section I I I . Calculated spec
trum-averaged cross sections were obtained using both ENDF/B-IV and ENDF/B-V 
capture data. Where possib le, ca lcu la t ions were made to estimate the uncer
t a i n t y i n the calculated in tegra l cross sections because of uncer ta in t ies and 
corre la t ions i n the input f l uxes . No attempt was made to include estimates 
of the uncertaint ies fo r the evaluated d i f f e r e n t i a l cross sections because 
that information was not ava i lab le . Sources of er ror re la ted to spectrum 
shape changes and weighting func t ion e f fec ts were evaluated and q u a n t i f i e d . 
Ratios of calculated-to-measured in tegra l cross sections were computed and 
an uncertainty f o r each C/M r a t i o was determined. Response p lots as a 
funct ion of energy were generated f o r a l l capture reactions to provide the 
cross-sect ion evaluator wi th a guide f o r applying the in tegra l t es t resu l ts 
to appl icable evaluation problems. 

A summary of some of the in tegra l t es t resu l ts from the above study are 
given here i n Table 5. The resu l ts are arranged i n order of increasing atomic 
number fo r the nucl ides. An importance ranking based on the Table 4 l i s t i n g of 
percent cont r ibu t ion to t o t a l f i ss ion-product absorption i n a fas t reactor is 
given i n column 2. For example, ^ % is the t w e n t y - f i r s t nucl ide i n the l i s t 
of Table 4. Under column 3 EBR-II-M and EBR-II-R stand f o r in tegra l data 
corresponding to midplane and r e f l e c t o r pos i t i ons , respec t i ve ly , i n EBR-II . 
Ratios of calculated-to-measured in tegra l cross sections are tabulated i n 
column 4 along wi th estimates of the percent er ror i n each quant i t y given 
i n parenthesis. Each error value represents the quadrature sum of the er ro r 
i n the measured integral datum and the spectrum uncerta inty con t r i bu t i on t o 
the calculated in tegra l cross sect ion. The column labe l led "discrepancy 
range" indicates whether an in tegra l tes t discrepancy is < 1 , 1-2, 2-3 3-4 
or > 4 times the uncertainty in the in tegra l t es t C/M r a t i o . ' Discrepancy 
range values > 1 ind icate an inconsistency between the measured in tegra l 
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data and the evaluated cross sections. The numbers tabulated in column 6 
are ratios of integral cross sections calculated with ENDF/B-V fission-
product capture cross section data relative to ENDF/B-IV capture data. 
These values provide an indication of the changes made In the fast capture 
cross sections for the fission product nuclides in going from the ENDF/B-IV 
evaluation to the ENDF/B-V evaluation. An assessment of the change in con
sistency between the measured integral data and the evaluated cross sections 
in going from ENDF/B-IV to ENDF/B-V Is given by the three columns under the 
heading "Consistency IV-V". This means for example that the significant 
changes in the capture cross section for ^^Tc, (V/IV ratio = 1.21), resulted 
in less consistency between the measured integral data and the ENDF/B-V 
evaluation than between the measured Integral data and the ENDF/B-IV eval
uation. In fact, for ^*rc, the measured Integral data and the ENDF/B-IV 
evaluation are consistent. 

From a global sense the results in Table 5 indicate that the changes in 
the fast capture cross sections for the selected fission products in going 
from ENDF/B-IV to ENDF/B-V resulted in more consistency for twenty-one of 
the integral data, less consistency for seven of the integral data and no 
change for four of the Integral data. This point is not too surprising 
because integral data from STEK and CFRMF were used directly in the FERRET 
least-squares-adjustment analyses made as part of the evaluation of fission-
product capture cross sections for ENDF/B-V^ .̂ 

The Impact of CFRMF Integral data on the ENDF/B-V evaluations relative 
to the influence of other input data (differential measurements and STEK 
Integral measurements) was Investigated by comparing the results of least-
squares analyses which Included CFRMF integral data to analyses which did 
not Include CFRMF integral data. The comparison was not made in a dif
ferential sense, that is , adjusted cross sections from the two types of 
analyses were not directly compared. Rather, the comparison was made in 
an integral sense, that is , spectrum-averaged cross sections, computed 
with the two types of adjusted differential curves, were compared. A 
summary of the results of this comparison for nine Important fission-
product nuclides is shown in Table 6. Columns 2, 3 and 4 tabulate ratios 
of calculated-to-measured CFRMF integral cross sections. The results are 
presented this way because they Indicate not only the influence of the CFRMF 
integral data on the evaluated cross section (comparison of columns 3 and 
4 ) , but they demonstrate the magnitude of the impact relative to the in
fluence of the other measured data used in the least-squares-adjustment 
analyses (comparison of columns 3 and 2) . This comparison is more 
transparent in the information presented in columns 5 and 6. Column 
5 provides an indication of the Influence of all of the measured data 
(differential and integral, including CFRMF) in the adjustment of the 
a priori ENDF/B-IV cross section. Adjustments in the capture cross sections 
were made which resulted in changes in computed spectrum-averaged cross 
sections ranging from 0% for iQ'*Ru to 43% for ^o^Ag. The values in column 
5 indicate that the exclusion (or inclusion) of CFRMF Integral data re
sulted in changes in computed spectrum-averaged cross sections ranging from 
0% for *®Mo to 6% for '̂•̂ Nd. Clearly, the measured differential data and 
the STEK integral data have dominated the least-squares-adjustment analyses 
for these fission-product capture cross sections. This is probably due to 
the use of relatively large uncertainties for the measured CFRMF integral 
data (quoted uncertainty +5%) in the least-squares analyses^^. 
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V. SUMMARY AND CONCLUDING REMARKS 

In t h i s paper, the current status of the measured in tegra l data base 
f o r f iss ion-product fas t -neut ron capture was reviewed. In tegra l capture 
data have been reported f o r 40 of the 50 most important f i ss ion-produc t 
nucl ides. The data were obtained from a c t i v a t i o n , r e a c t i v i t y worth or 
transmutation measurements i n the fas t neutron f i e l d s of STEK, FRO, MASURCA, 
ERMINE, CFRMF, PHENIX and EBR-II . Most of the in tegra l data were ava i lab le 
at the 1979 Bologna meeting on f i s s i o n products. The only "new" in tegra l 
data that have been reported since 1979 are in tegra l measurements f o r 
isotopes of Nd, Sm and Eu which were i r r ad i a ted i n EBR-II . Prel iminary 
resu l ts of t h i s work had been reported i n 1979^^ gnd a f i n a l report has 
been published recent ly^^ . I t has been reported that new experiments i n 
PHENIX were underway at the t ime of the 1979 Bologna f i ss ion-produc t 
meeting, but the resul ts of that work were not ava i lab le at the t ime of 
t h i s meeting-^-^. 

As a second th rus t to t h i s paper, the ro le of in tegra l data i n the 
cross-sect ion evaluation process was discussed wi th an emphasis on in tegra l 
data tes t ing and cross-sect ion adjustment app l i ca t ions . C r i t e r i a f o r car ry
ing out and in te rp re t ing an in tegra l t es t i ng analysis were i d e n t i f i e d and 
discussed. In t h i s framework a summary of an in tegra l t es t i ng study f o r 
ENDF/B-V f iss ion-product capture cross sections using CFRMF and EBR-II 
in tegra l data was presented here. The study, which included analyses f o r 
26 important f iss ion-product nuclides and 32 appl icable in tegra l data, 
revealed that the changes i n the fas t capture cross sections in going from 
ENDF/B-IV to ENDF/B-V resul ted in more consistency between measured and c a l 
culated integral cross sections f o r twenty-one,less consistency f o r seven 
and no change f o r four of the f i ss ion-product in tegra l t e s t s . Outstanding 
discrepancies (discrepancy greater than twice the uncertainty i n C/M r a t i o ) 
between the measured in tegra l data and the ENDF/B-V cross sections were noted 
f o r i08pd^ loa^g^ i34xe, ^^^Cs, ^''^Ce, ^''^Hd, i^e^d, i^s^d, iso^d, î +̂ Sm 
and ^^^Eu. 

As an a l ternate approach to conventional C/M in tegra l t e s t i n g , the use 
of adjusted cross sections in the cross-sect ion evaluat ion process was 
presented. The example presented u t i l i z e d adjusted mult igroup cross 
sections based on in tegra l measurements i n EBR-II f o r isotopes of Nd, Sm 
and Eu. A comparison of the adjusted cross sections to recent d i f f e r e n t i a l 
capture measurements and to the RCN-2A adjusted l i b r a r y indicated good 
agreement between a l l of the compared informat ion f o r '^'•^Nd, ^^^Nd, ^'*''Sm, 
"̂̂ '̂Sm, and ^^^Eu. The imp l ica t ion is that when the more recent d i f f e r e n t i a l 

data are incorporated in to re-evaluat ion of the ENDF/B-V capture cross 
sect ions, some of the outstanding discrepancies i d e n t i f i e d i n the above 
paragraph w i l l be resolved. 

At the 1979 Bologna meeting f o r f i s s i o n products, discrepancies be
tween d i f f e ren t in tegra l measurements were noted f o r the fo l l ow ing nucl ides: 
^ n c , iospd, lospd^ ?27i^ i5 is^^ i.7p^^ lo^^g ^^^ 10^R^^ ^g^ measurements 

were not made to resolve these discrepancies p r i o r t o the present meeting. 
I t should be noted that an attempt w i l l be made to do so i n the near f u tu re 
f o r appl icable CFRMF in tegra l data. New measurements wi th the CFRMF wi th 
an emphasis in accuracy and p rec is ion , are underway f o r ^^Tc, ^ ^ ^ I , '^^Pm. 
i09Ag and lO'+Ru. 
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New i n t e g r j l experiments would be holptu l to improve the capture cross 
sect ions for important ra i l ioact ive f iss ion-product cross sect ions. These 
include lO 'pd, u s c s , IOGRU, is isn i , i"'*Ce, i03Ru, I S ' L U and iszr . 

With the a v a i l a b i l i t y of ru-w and more complete resonance information'*^ 
f o r important f i s s m n product nucl ides, i t would be usdu l to compute 
resonance s e l f - s h i e l d i n g cor rec t ion fac tors fo r the STLK integral data to 
obta in capture r e a c t i v i t y worths at i n f i n i t e d i l u t i o n . Such in tegra l data 
would be helpfu l f o r fu tu re in tegra l tes t i ng app l ica t ions . 

F i n a l l y , i t should be noted that although there were few new in tegra l 
measurements made since the 1979 Bologna meeting, there WJ: considerable 
a c t i v i t y i n the app l i ca t ion of the ex i s t i ng in tegra l data base to cross-
sect ion evaluat ions. Gruppelaar' reported on a comparison of several of 
the evaluated f i l e s at t h i s meeting. One outs tandin j condasion of that 
work is that to achieve a design target accuracy of ^ 10% fo r the p red ic t ion 
of global f i ss ion-product absorpt ion i n a fast reactor , one must u t i l i z e 
cross-sect ion l i b r a r i e s that h..ve been adjusted wi th in tegra l data. In 
add i t i on , i t has been shown that measured in tegra l data are very useful to 
resolve discrepancies between measured d i f f e r e n t i a l data '** . The ,.rir;dry 
mot ivat ion to iiiiprove and u t i l i z e in tegra l measurements l i e s wi th both of 
these po in ts . 
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Table 1. Summary of Integral Measurement Programs 

Country 

USA 

The Netherlands 

Sweden 

France 

Facilities 

CFRMF^ 

EBR-Il'̂  

STEK: 5 Cores 

FRO: 3 Cores 

ERMINE/MINERVE 

MASURCA 

PHENIX 

Measurement Types Status 

Activation, Reactivity Ongoing 

Transmutation 

Reactivity Ended 

Reactivity Ended 

Activation, Reactivity Ongoing 

Reactivity 

Transmutation 

Ul 

o 

a. CFRMF: Coupled Fast Reactivity Measurements Fac i l i ty 

b. EBR-II: Experimental Breeder Reactor-II 



Table 2. Coinparison of Measurement Techniques 

Feature 

Applicability 

Sample Req. 

Size 
Enrichment 

Reactor Facility 

Power 

Spectrum 

Analysis Limit
ations 

Reactiv 

General 

g (1-100) 
High 

Critical 

'ity 

:, "I" - Required 

Neutronics 

Active and 
Dosimetry 

Scattering 

Calculation 

Passive 

Effects 

Activation 

Limited (Radioactive) 

mg 
Natural 

Low (10^-10^^n/cm^-S) 

4i - Required 

Neutronics Calculation 

Active and Passive 
Dosimetry 

Decay Data 

Transmutation 

Limited 

ug-mg 
High 

High (lO^^n/cm^-S) 

• - Required 

Neutronics Calculation 

Passive Dosimetry 

Production/Depl etion 

Cnrrorfi nnc 

Ul 

Normal izat ion 

Se l f -Sh ie ld ing 

^^^Cf or ^-^^U Fiss ion 
Rates 

Se l f -Sh ie ld i ng 

" ^ U ( n . f ) . ^^^Pu(n, f ) 
238 

U(n , , ) Reaction 

Measurement Un
c e r t a i n t y 

^^^U Worth 

3-10% 

^^^U(n,Y) Reactions 

3-10% 

Passive Dosimetry 

2-10% 



Table 3. Characterization of Fast Neutron Fields 

Neutron Field 
Mean Neutron Median Neutron 95% Range A^^^^">^) 

Energy (keV) Energy (keV) Ej_ (keV) Ê ^ (keV) '^"^%(n,f) 

CFRMF 760 375 4.6 4000 20 

272 2.4 5210 17 

74 0.06 4230 63 

172 3.5 3710 34 

60 0.05 1670 345 

75 0.9 2760 50 

27 0.2 2230 190 

STEK 

- 500 

- 4000 

EBR-II 

- Midplane 

- Reflector 

1000 MW LMFBR 

- PI 

- P25 

808 

537 

555 

233 

427 

216 

Ul 
*> 
ro 



N u c l i d e 

105 
Pd 

99 
Tc 

101 
Ru 

107 
Pd 

103 
Rh 

33 
Cs 

147 
Pm 

149 Sm 

145 
Nd 

102 
Ru 

135 
Cs 

97 
Mo 

109 
Ag 

106 
Ru 

143 

131 

Nd 

Xe 

Table 4. In tegra l Data Base For Important Fission-Product Nuclides 

Contr i 

9. 

8. 

7. 

6. 

5. 

4. 

3. 

3. 

3. 

3, 

3, 

2, 

2, 

2 

2 

1 

but ion 

9 

6 

J 

,2 

,5 

,9 

,5 

.4 

.4 

.3 

.0 

.9 

.7 

.3 

.3 

.9 

FRO; 

R 

R 

R 

R 

R 

R 

CFRMF 

A 

A 

A 

R 

R 

A 

SJEK 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

I n t e g r a l Measurements 

R 

A,R 

R 

_ 

R 

R 

R 

R 

EBR-II 

T 

T 

ERMINE 

R 

R 

R 

R 

R 

R,A 

PHENIX 

T 

T 

U l 

* > 
LJ 

a. Estimated percent con t r i bu t i on t o t o t a l f i ss ion-product absorpt ion i n a fas t reactor . 



Table 4. Integral Data Base For Important Fission-Product Nuclides (Cont'd) 

Nuclide 

151 
Sm 

95 Mo 

104 Ru 

153 
Eu 

98, Mo 

144 
Ce 

129 
I 

100, 
Mo 

141 

93 

Pr 

Zr 

108 Pd 

103 
Ru 

155 
Eu 

95 
Zr 

148 
Nd 

150 
Nd 

% 
Contr ibut ion 

1.9 

1.5 

1.3 

1.3 

1.2 

1.1 

1.0 

0.9 

0.9 

0.8 

0.8 

0.8 

0.7 

0.7 

0.7 

0.7 

FRO 

R 

R 

CFRMF 

R 

A 

A 

A.R 

A 

A,R 

A 

A 

A.R 

A.R 

SIEK 

R 

R 

R 

In tegra l Measurements 

R 

R 

R 

R 

R 

R 

R 

EBR-II ERMINE 

A 

A.R 

A 

A 

PHENIX 

T 

T 

U l 



Nuclide 

132 Xe 
134 Xe 
146 Nd 
111 Cd 

152 Sm 
137 Cs 
106 Pd 

83 Kr 

Zr 

127, 

142 Ce 
95 

Nb 

139 
La 

147 

85 

Sm 

Rb 

140 
Ce 

157 Gd 

156 Gd 

Table 4. Integra! Data Base For Important Fission-Product Nuclides (Cont'd) 

Integral Measurements 
Contribution 

0.6 

0.6 

0.6 

0.6 

0.6 

0.5 

0.5 

0.4 

0.4 

0.4 

0.4 

0.4 

0.4 

0.4 

0.3 

0.3 

0.3 

0.3 

FRO 

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

— 

CFRMF 

A 

A 

A 

-

A.R 

A 

-

-

-

A,R 

A 

-

A 

R 

-

A 

-

-

STEK 

-

-

R 

-

R 

R 

R 

-

R 

R 

R 

-

R 

R 

-

R 

R 

R 

EBR-II 

-

-

T 

-

-

-

-

-

-

-

-

-

-

T 

-

-

-

-

ERMINE 

A 

R 

PHENIX 

Ul 

*> 
Ul 



Table 5. In tegra l Tests f o r ENDF/B-V Fission-Product Capture Cross Sections 

Nuclide 

'^MO 

' " M O 

S 'TC 

102. Ru 

' " " R U 

I 08p , 

' "^Ag 

127, 

129j 

'32xe 

'3^Xe 

' " c s 

' 3 ' c s 

' 3 \ a 

' « C e 

' ^ ' P r 

Importance 

21 

24 

2 

10 

19 

27 

13 

42 

23 

33 

34 

6 

38 

45 

43 

25 

Neutron 
F ie ld 

CFRMF 

CFRMF 

CFRMF 

CFRMF 

CFRMF 

CFRMF 

CFRMF 

CFRMF 

CFRMF 

CFRMF 

CFRMF 

CFRMF 

CFRMF 

CFRMF 

CFRMF 

CFRMF 

C/M 

1.09(7) 

0 .86(17) 

1.15(15) 

1 .12(7) 

1.04(7) 

1.20(7) 

0.86(10) 

1.16(10) 

1.07(7) 

1.10(8) 

1.70(7) 

1.02(7) 

0.08(25) 

1.10(6) 

1.34(8) 

1.01(15) 

Discrepancy 
Range 

1-2 

< 1 

1-2 

1-2 

< 1 

2-3 

2-3 

1-2 

1-2 

1-2 

> 4 

< 1 

> 4 

1-2 

> 4 

< 1 

V/IV 

0.97 

1.03 

1.21 

0.87 

1.02 

1.37 

1.53 

1.02 

0.87 

1.00 

1.04 

0.97 

1.00 

0.90 

1.00 

0.82 

More 

X 

-

X 

-

-

X 

X 

X 

-

-

X 

-

X 

-

X 

Consistency IV-V 
Less No Change 

X 

-

X 

-

X 

X 

-

-

-

X 

X 

-

X 

-

X 

— • • 

Ul 

o> 



Nuclide 

'"Nd 

'"Nd 

'"Nd 

'"Nd 

'5°Nd 

'*'pm 

147. 
Sm 

149, Sm 

'52s„ 

' " E U 

Importance 

15 

9 

35 

31 

32 

7 

46 

8 

37 

20 

Neutron 
Field 

EBR-II-M 

EBR-II-R 

EBR-II-M 

EBR-II-R 

CFRMF 

CFRMF 

CFRMF 

CFRMF 

EBR-II-M 

EBR-II-R 

EBR-II-M 

EBR-II-R 

CFRMF 

CFRMF 

EBR-II-M 

EBR-II-R 

C/M 

0.85(8) 

0.3b(15) 

0.77(8) 

0.80(17) 

1.24(7) 

1.30(14) 

1.45(12) 

1.12(13) 

0.87(9) 

1.06(20) 

0.77(9) 

0.84(19) 

1.18(7) 

1.00(7) 

0.89(9) 

0.90(17) 

Discrepancy 
Ranqe 

1-2 

< 1 

2-3 

1-2 

3-4 

2-3 

3-4 

< 1 

1-2 

< 1 

2-3 

< 1 

2-3 

< 1 

1-2 

< 1 

V/IV 

0.99 

0.96 

1.20 

1.12 

0.81 

0.75 

0.70 

0.97 

1.31 

1.20 

1.31 

1.12 

1.17 

1.06 

1.08 

1.02 

More 

-

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

-

X 

X 

X 

Consistency IV-; 
Less No Change 

X 

X 

-

-

-

-

-

-

-

-

-

-

X 

-

-

-

U l 
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Table 6. Ratios of Calculated-to-Measured CFRMF In tegra l Cross 
Sections For Various Evaluated D i f f e r e n t i a l Data 

Nuclide 

%o 

' ^ c 

' °2RU 

' " ^ u 

'°8pd 

' " % 

129j 

146... Nd 

Unadjusted 

1.061 

0.993 

1.359 

1.090 

1.059 

0.572 

1.298 

1.393 

Adjusted^ 
W/0-CFRMF 

1.005 

1.187 

1.224 

1.119 

1.374 

0.784 

1.088 

1.188 

W-CFRMF 

1.005 

1.170 

1.168 

1.091 

1.363 

0.822 

1.061 

1.115 

W/UN^ 

0.95 

1.18 

0.86 

1.00 

1.29 

1.43 

0.82 

0.80 

W/(W/0)^ 

1.00 

0.99 

0.95 

0.97 

0.99 

1.05 

0.98 

0.94 

a. Unadjusted: Ratio of calculated-to-measured in tegra l cross sect ions, 
calculated cross sect ion computed wi th ENDF/B-IV f i ss ion-produc t 
capture cross sect ion. 

b. Adjusted: Ratio of calculated-to-measured in tegra l cross sect ions, 
W/0-CFRMF implies calculated cross sect ion was computed w i th d i f 
f e ren t i a l data which did not include CFRMF measured in tegra l data 
f o r adjustment analys is , W-CFRMF impl ies tha t ca lcu lated cross 
sect ion was computed wi th d i f f e r e n t i a l data which did include CFRMF 
measured in tegra l data in adjustment ana lys is . 

c. W/UN: Ratio of column 3 to 2. 

d. W/(W/0): Ratio of column 4 to 3. 
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Discussion 

COMMENT: A. Smith 
I recall that somebody at this laboratory a while back made a study of 
fuel cycle economics using a lumped fission product data set based on an 
ancient Babcock-Wilcox set and than used ENDF/B-V and the result, I guess, 
was a big yawn. It did not have much punch to it. So are the problems 
discussed here, concerning small differences, really important. Do we take 
the requests for 5 or 10% accuracies seriously? 

C(MMENT: R. Schenter 
I think it was just a coincidence that the Babcock-Wilcox lumped fission 
product value agreed with ENDF/B-V. Between Babcock-Wilcox and ENDF/B-V was 
version IV and there was about a 10% difference there. The ENDF/B-IV data 
represented a large number of differential data and nuclear model calculations. 
Then the version V included differential and integral values and there was a 
change. I think it is just a coincidence that Babcock-Wilcox agreed with V. 
There is a lot of concern about the FP absorption. Collins showed that they 
have an important impact on things like breeding ratio etc. The uncertainties 
of the FP absorption is important for the enrichment specifications, with 
large economic consequences in the order of millions of dollars. These 
people didn't yawn. 

COMMENT: H. Gruppelaar 
The uncertainty in the lumped fission-product cross section is difficult to 
estimate. Due to the large number of isotopes the statistical uncertainty 
in the fast capture cross section is probably small. The remaining error is 
of a systematical nature. In the case of adjusted data sets, this systematical 
error might be close to the systematical error in the integral data, i.e. the 
uncertainty in the normalization and that in the shape of the flux spectrum of 
the reactor core. This error is estimated to be about 5%. We have assumed a 
total uncertainty of 6 to 9% in the lumped fission-product average cross 
section in a fast power-reactor spectrum (see Bologna-1979). 
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Report of the Working Group on 

FAST-NEUTRON CAPTURE IN FISSILE AND FERTILE NUCLIDES 

Chairman: R. W. Peelle 
Participants: F. Corvl, H. Derrien, G. Grt-nler, E. Menapace, W. Poenitz, 

L. Weston, S. Whetstone and R. Peelle. 
Also in attendance for portions of the discussions; 

P. Collins, R. Howerton, P. Moldauer, P. Persiani 
and A. Smith 

INTRODUCTION 

Extensive graphical and numerical presentations, available to the 
working group, assisted us in exploring the rich data base established through 
the labors of many skilled persons. Consistent with the meeting setting, 
the working group discussion concentrated on data for fast-breeder reactor (FBR) 
applications. All but 1-3Z of the magnitude of cross section sensitivities 
of FBR parameters come from the energy region below 2; 1.5 MeV, so the 
statistical model is the relevant theoretical concept. The Meeting emphasizes 
energies above x 10 keV where resonance fluctuations are not a dominant 
factor. However, we should remember that approximately half the FBR sen-

2 3 8 sltivity to U capture data, as reflected in integral parameters, lies 
below 25 keV where resonance fluctuations are strong and resonance self-pro
tection is a most important consideration in reactor physics. There are 
similar low-energy aspects to Pu capture in that z 30% of the FBR-para-
meter data sensitivity lies below ^ 4 keV. Even with the discussion 
largely confined to the ~ 10-1500 keV region, the working group could 
only scratch the surface of the available body of information. The reader 
is referred to the papers presented at the Meeting and to the references 
contained therein in order to obtain a more detailed understanding of 
current issues related to fissile and fertile fast-neutron capture. 

ACCURACY GOALS 

Enunciation of appropriate accuracy goals is very difficult, so they 
probably never will be stated in a fully satisfactory manner. The working 
group primarily relied upon an Interpretation of the goals set forth by 
P. Collins at the Meeting. It seemed to be the consensus of the experi
mentalists present that achieving the most stringent basic-data accuracy 
goals so far set forth will be trying but not impossible using differential 
data alone. Critical-integral experiments will continue to serve as "quality 
assurance" checks of the differential data. 
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Accuracy goals can be briefly summarized for one-group FBR cross 
sections. Such a simple formulation, taken from Rowlands (Conf. on Neut. 
Phys. and Nucl. Data, Harwell, 1978), is given in Table 1. Here and else
where it is unclear what goal should apply for neutron capture in Pu. 

Table 1. One-group FBR Fissile-Fertile Capture Goals* 

Fertile (n,Y) cross sections - 3% 

Fertile (n,Y)/Fissile (n,f) ratio ± 1.5% 

Fissile (n,Y) cross sections - 4% 

Other (n,Y) cross sections - 10% 

*In a conventional U-Pu FBR system, fertile = ^^^U and 
fissile = ^^^Pu. Rowlands' table leaves ambiguous the required 
accuracy for the capture cross section of Pu. It is helpful to 
put accuracy requirements in terms of one-group cross sections so 
that the reader will notice that there is no need to meet the 
tolerance at each energy of interest. 

The primary FBR capture sensitivity lies below 500 keV, so the above goals 
can be relaxed at higher energies. The estimates are explicitly relevant to 
the U-Pu FBR systems. However, if the Th-U FBR cycle again becomes of 
interest, similar statements are applicable to ^^^Th (fertile) and ^^^U 
(fissile) data. Rowlands notes that the energy dependences are a concern in 
the case of some integral parameters. 

More detailed lists of accuracy goals are to be found in the literature. 
The present speaker believes that kgff-reset sensitivities can be used in 
assessing some of the ultimate data needs and such considerations may result 
in some relaxation of basic-data accuracy goals. On the other hand, most of 
the present goals are based on needs for founding rather than optimizing a 
fast reactor industry. 

The above guidelines are inclusive of fuel-cycle and safeguards in
terests. The latter need for cross sections to permit correct calculation 
of the isotopic content of spent fuel was outlined for the working group by 
P. Persiani. 

Finally, the sometimes quoted 10% accuracy goals for 233,235^ alpha 
(ratio capture/fission) above 1 MeV (see recent draft NEANDC/NEACRP priority 
request list) are difficult to understand. It is suggested that these 
fissile-U requirements be re-examined. They will be very difficult to meet. 

USE OF NUCLEAR THEORY 

The modes of use of nuclear theory in cross section evaluation are; i) to 
provide information where experimental data do not exist, ii) to check the 
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reasonableness of Incomplete data sets, Iii) to assist in achieving consistency 
among partial cross sections, and at the minimum Iv) to Indicate a physically 
plausible energy-averaged cross-section behavior to guide evaluations. 
Below 1 MeV, the region of most concern here, the statistical processes 
predominate although direct reaction mechanisms are of importance for 
inelastic scattering. Apparently the primary theoretical problems are 
associated with fission, resulting in difficulty in accurately calculating 
the fission competition with other compound-nucleus channels. There is a 
similar, though less serious problem associated with inelastic-channel 
competition with the capture process as there remain uncertainties in the 
calculation of inelastic scattering itself. 

In summary, in this mass-energy region the theoretical framework for 
calculating energy-averaged cross sections is sound in the absence of fission; 
however, results are sensitive to the choice of model-parameter values that are 
not well knoira. In the presence of fission the situation is far more complex 
and uncertain. Therefore, calculations alone cannot provide the highly 
quantitative capture data required for the isotopes of major interest. 

EXPERIMENT 

Well developed experimental techniques can probably meet the capture-data 
needs of the lesser isotopes as those needs are presently formulated. For 
the major isotopes the contemporary goals are challenging Indeed and will be 
achieved only through the most arduous application of a combination of the 
finest techniques available. For measurements of alpha in fissile nuclides, 
emphasis should be given to measurements using techniques capable of 
differentiating bet%reen fission and capture (e.g. use of multiplicity 
detectors or high-efficiency fission chambers). Especially for ^^^U capture, 
we must try hard for a replication of experiments that take advantage of 
favorable experimental opportunities where nature provides us with a potential 
for the highest precision (e.g. x 30 keV measurements using the ^Ll(p,n) 
associated-activity method, coupled with activation detector calibration 
based on the a-activity of a sample of the natural parent). We must also 
keep In mind the special importance of the ratio of cross sections for ^^^U 
capture and ^^^Pu fission. 

Since the most important goals will be achieved with difficulty, we 
must stress careful reporting of results, for example by including sen
sitivities of results to input parameters used in the analysis. Uncertainty 
and covariance information should be explicitly stated. Particularly for 

D capture, more attention should be given to assure that self-shielded as 
well as infinite dilution cross sections can be obtained from the reported 
results. 

EVALUATION TECHNIQUES 

The workshop participants were encouraged to note the increased use of 
theory in the evaluation process as well as the wider application of 
relatively rigorous numerical methods in the combination of experimental 
data. It seems essential to continue and expand these trends if evaluated 
cross sections are to represent our global knowledge. 
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STATUS OF THE DATA 

The working group reviewed the status of fissile and fertile capture 
data. This review was in summary and support of the papers presented at the 
Meeting. The situation is briefly summarized as follows:-

233u 
The existing data below 2 keV and above 30 keV seem reasonable. 
The gap without direct experimental data between these two 
energies should not be allowed to remain indefinitely. Even data 
of relatively low accuracy would be helpful to limit the magnitude 
of possible future surprises. 

235u 

239pu 

238u 

Corvi showed, at this Meeting, that selected data sets obtained 
using contemporary state-of-the-art techniques display a wide 
spread in alpha. Corvi's recent data and the data of Muradyan 
(1979 Knoxville Conference) fall well below the Gwin data that 
have guided many evaluations (Corvi more than 10% lower over the 
5-50 keV region and Muradyan up to 20% lower at all energies). 
The normalization problem for ^^^U alpha is relatively severe 
compared to that of ^^^Pu measurements. Indeed, the best normali
zation technique is a matter of some controversy among the experts. 
It appears that the requested one-group accuracy of - 4% has not 
been met unless it is appropriate to renormalize some of the data 
sets. The - 4% tolerance is assumed to apply because of the 
extensive past use of U in fast reactor test assemblies. 

Agreement among the results of measurements selected for the 
review of Corvi is better than for the above 235u case, perhaps 
because the normalizations are easier and the alpha values larger 
at low energies. The evaluations now appear to be converging. 
However, the inherent difficulty of these measurements, the 
problems seen in the results from similar but easier experimental 
work for U, the quoted uncertainties, and the importance of 
accurate results all suggest that new " Pu alpha measurements 
be undertaken using refined techniques. 

The long standing shape and magnitude differences among the various 
data sets have not been resolved. However, Poenitz, in his paper 
at this meeting, estimates a contemporary ± 5% uncertainty in the 
10-500 keV energy range, increasing to ± 10% at 1 MeV. At the 
higher energies the data needs are met, but in the central and 
lower-energy regions that is not so. One should also recall that 
self-shielding is important, even for the gross reaction rate, and 
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that ~ 30% ot the typical FBR sensitivity to ^ 3 0 ^ capture lies 
below ~ 10 keV where uncertainties are larger. Vigorous experimental 
efforts using improved techniques are required for reaching •̂ '̂̂ U 
capture accuracy goals, as indicated above. 

The data situation appears to be similar to that of '^^'^U, though 
the measured results reported at this meeting appear to be just 
significantly larger than the consensus of previously reported 
values. Since Th-cycle fast reactors are not presently proposed, 
the urgency for Th-data improvement is not as strong as that for ^^^V. 

The present situation is questionable if high-^'*''Pu-content fuels 
are to be used in FBR systems. A one-group accuracy requirement 
of ± lOZ may be met, but not the 3% requirement suggested by 
Hamner (1979 Knoxville). 

There is only one direct measurement and its results seem reasonable. 
Confirmation would be appropriate if superior techniques, proven 
in 239py measurements where the requirements are more stringent, 
can be employed. Note that Hammer suggests a one-group uncertainty 
tolerance of ± 5% that is not likely met at present. 

The measured data seem in sufficient agreement to meet the one-group 
accuracy requirement of ±10%. 

The data of Wisshak, of Gayther, and of Weston provide a satisfactory 
basis for meeting the usually stated needs, though the Weston data 
are lower by up to 20% In the 10-100 keV region. The Weston data 
are the easiest to fit with theory, but Derrien stated that 
Integral results obtained at Cadarache supp>ort the higher values 
which were used in their (French) evaluation. The above situation 
may soon improve since new microscopic data are expected from CBNM. 

Derrien reported that the data of Weston and of Lindner support an 
evaluation at Cadarache that is theoretically reasonable and 
believed valid to about 5% at low energies and to perhaps 10% at 
1 MeV. Consideration should be given to a revision of the ENDF/B-V 
237iijp evaluation. Generally, known experimental data needs appear 
to be met in this case. 
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There appear to be no reliable microscopic data. It was noted 
that the explosive-source results of Silbert et al. seem to have 
been subject to large background effects, at least in the resonance 
region. Derrien reported a new capture evaluation which goes more 
than 25% below ENDF/B-V but which is in agreement with Masurca and 
Phenix integral results. 

At present there appears to be available only one data set and that 
is preliminary in nature. This is not a satisfactory situation. 

The above status is summarized in the following table:-

Table 2. DATA-STATUS SUMMARY 
Are FBR Neutron-Capture Needs Met? 

Nuclide Probably-YES MAYBE+ Probably-NO 

23 2 ^ X* 

23 3^ JJ* 

235u JJ 

238^ JJ 

"^Np X 

-̂̂ Opu X 

2'*lpu X 

2'̂ P̂u X 

2'̂ Âm X 

"TFollowing re-evalua t ion . 
JL 

If Th-cycle systems are a consideration. 
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RECOMMENDATIONS 

1. New -"̂ Û capture measuri-ments, made with advanced techniques, are 
needed below approximately 100 keV. Some of these measurements should 
concentrate on obtaining 2% uncertainties, exploiting favorable experi
mental opportunities. One of the latter may be the Li(p,n) source 
reaction near threshold (i.e. z 30 keV neutron energy). It must be 
assured through other efforts that self-shielding effects and the 
methods for their interpretation are adequately treated. 

2. •"̂ P̂u capture (or alpha) data are probably in deceptive agreement. 
Therefore, measurements with improved techniques should be undertaken 
(for "tuneup", or if equivalent need for -̂ ^̂ U capture data exists, 
similar efforts should be applied to ^^^U). 

3. For the most Important nuclides that correspond to demanding accuracy 
goals, routine repetition of measurements using old techniques will not 
be worthwhile. 

4. There is only a single data set available for Pu capture and only a 
preliminary set for "̂ '̂ Âm. This is an unsatisfactory situation and 
experimental confirmation is desirable. 

5. Consideration should be given to revising the evaluations (Including 
neutron capture) for at least ^^^Th, "̂ ^̂ U, ^^^Pu and ^"^^Pu. 

6. Nuclear-model codes should be applied to a greater extent in the evaluation 
process in order to assist in determining physical shapes and the 
consistency among partial cross sections. Model codes are not now, and 
will not soon be, sufficiently accurate to provide the accurate absolute 
values sought for the more important nuclides. 

7. The validity of seemingly unreal requests for alpha data for fissile 
nuclides at high energies is questioned and the need should be further 
justified. 
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Report of the Working Group on 

FAST-NEUTRON CAPTURE IN STRUCTURAL MATERIALS 

Chairman: F.H. Frohner 
Participants: D. Gayther, G. Nordborg, R. Macklin, G. Rohr, K. Wisshak 

and (part time) F. Corvi 

1. Scope of Discussions 

The discussions of developments in the field of capture data of 
structural materials since the 1977 Geel meeting were mainly based on 
the invited paper presented by G. Rohr and on information from the other 
participants about their own activities. There was not much input about 
recent work in Japan, where the new version JENDL-2 of the Japanese 
Evaluated Nuclear Data Library has been issued, or on the resonance 
analysis work on iron and nickel isotopes going on at ORNL. Moreover, 
the discussion was restricted to the three principal structural material 
elements Cr, Fe and Ni. Some of the remaining structural materials such 
as Zr and Mo were covered by the Working Group on Fission Product 
Nuclides. 

2. Long-term goals 

The review of accuracy requirements for LMFBR and similar appli
cations presented by P. Collins in essence confirmed the picture drawn 
by Hammer et al. at Geel in 1977. This means that fast-neutron capture 
cross sections are needed with about 5% accuracy for Fe, 8% for Ni and 
10-12% for Cr. Although considerable progress has been made since, these 
target accuracies have not been reached by experimenters except perhaps 
in limited energy ranges. Many of the persisting problems are related to 
the pronounced resonance structure and the extremely high scattering-to-
capture ratios across s-wave resonances of the main structural materials 
(Fe, Ni, Cr) in the technologically most important energy range from 0 
up to about 300 keV. Another source of difficulties are the 2f-spectrum 
fluctuations from resonance to resonance exhibited by by the structural-
material nuclides. One conclusion from the subsequent discussions was 
that 

• the target goals for reactor applications cannot be reached without 
further substantial experimental effort especially in the resonance 
region. 

With the new techniques refered to below a reduction of present 
errors to a level satisfying most user requests seems to be achievable 
during the coming years at least for Cr and Ni. To reach 5% uncertainty 
for Fe certainly requires a special effort, but in view of new results 
for the 27.7 keV resonance of ^^Fe this goal appears not completely 
unrealistic. 
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3. Recent Measurements 

Following recommendations of the 1977 Geel meeting the prompt 
neutron background due to very severe scattering across broad s-wave 
resonances has been studied experimentally at several laboratories. A 
technique originally proposed by Macklin was used at the Van de Graaff 
accelerators at Lucas Heights and especially at Karlsruhe, namely 
time-of-flight discrimination between capture events in the sample and 
counts caused by capture of resonance-scattered neutrons in and near the 
detectors. This discrimination is achieved with very short primary 
flight paths (few cm) and similar secondary flight paths between sample 
and detectors, in conjunction with tailored quasi-monoenergetic neutron 
spectra, as explained in K. Wisshak's contribution. At Karlsruhe several 
metallic, isotopically pure samples with different thicknesses were used 
in measurements on "Fe, **Ni and "Ni. The spectra were tailored so as 
to cover just one of the strong s-wave resonances in each case, and 
Moxon-Rae detectors with three different converters were employed. 
Deviations of the detector efficiency at small Y-ray energies from the 
ideal energy-independence were corrected for with the help of theoretical 
capture T-ray spectra specially calculated by the Bologna group. The 
resonance shapes including multiple-collision and resolution effects were 
fitted with the FANAC code. The reported (still preliminary) results show 
excellent consistency: the radiation widths obtained with different 
sample thicknesses or neutron spectra or converters agree within few 
percent. They agree also quite well with the older KfK scintillator tank 
results of Ernst, Frohner et al. showing that in spite of the sub
stantial corrections for multiple collisions and prompt neutron back
ground the older results do not appear to contain any serious errors 
Finally, for the strong 27.7 keV resonance of "Fe they are consistent 
with the evaluation of all previous measurements which B. Allen sent to 
the present meeting: 

Target Resonance Radiation 
Nucleus Energy Width 

(keV) (eV) 

Detector, 
Method 

Authors Year 

s t Ni 

(0 

• ( 

Ni 

Fe 

15.4 

12.5 

27.7 

1, 
1 

2 
2 

1 
1 
1 

.46 

.55 

.73 

.89 

.25 

.08 

.00 

± 
± 

± 
± 

± 
± 
± 

.22 

.04 

.50 

.05 

.20 

.02 

.04 

Tank 
Moxon-Rae 

Tank 
Moxon-Rae 

Tank 
Moxon-Rae 
Evaluation 

Frbhner/Ernst 
Wisshak et al. 

Frdhner/Ernst 
Wisshak et al. 

Frohner/Ernst 
Wisshak et al. 
Allen 

1975 
1982 

1975 
1982 

1975 
1982 
1982 

Note: - Errors given by Wisshak et al. are statistical only. Their 
preliminary rough estimate of systematic errors is 5% . 
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The radiation widths for the 27.7 keV resonance of *®Fe listed 
here have to be compared with values reported until 1977 ranging from 
0.6 to 1.6 eV. The demonstrated progress is due mainly to recognition 
of prompt neutron background as a main source of errors. It was realised 
that in measurements of the structural-material capture cross sections 
it is essential to determine the sensitivity of the detector to prompt 
scattered neutrons. 

e It is recommended that this be done experimentally, if necessary 
with the aid of detailed analytical or Monte Carlo calculations for 
interpolation between experimental points. At Van de Graaff accelera
tors one should use time-of-flight discrimination between capture 
y-rays and scattered neutrons together with tailored neutron 
spectra whenever possible. 

The latter technique permits practically complete elimination of 
prompt neutron background. Its usefulness is, however, restricted to a 
limited number of strong s-wave resonances in the lower keV region due 
to the modest energy resolution achievable. In any case the recommen
dation of the 1977 Geel meeting still remains valid: 

• Experimenters should check their ability to account for sensitivity 
of their detectors to prompt scattered neutrons and for multiple-
collision effects by determining radiation widths for a list of 
resonances for which V * r„. 

n Z 

The difficulties caused by fluctuations of the Jf-ray spectra from 
resonance to resonance and by the need to determine the neutron flux 
accurately were put in evidence by G. Rohr. He compared capture areas 
for p- and d-wave resonances of ^"Fe, "Fe and ^'Fe obtained at ORNL, 
RPI, Harwell, KfK and Geel. He found that the ^^Fe capture areas from 
ORNL are systematically higher by about 17% than those from Geel. They 
agree, however, with the KfK values for levels with a soft capture JT-ray 
spectrum, whereas the Geel values agree with the KfK results if the 
capture Y-ray spectrum is hard. A comparison with results from Harwell 
indicates inconsistencies in flux shape between Oak Ridge on one side and 
Geel/Harwell on the other at energies below 30 keV. It appears that the 
discrepancies can not be blamed on inadequate weighting functions used 
for the total-energy detectors at Geel and ORNL. On the other hand, 
black-resonance normalisation at Geel based on the first resonances of 
Au and Ag gave flux calibrations that differed from those based on the 
measured transmission dip area of the 1.15 keV resonance of ^^Fe. In 
order to locate the source of the trouble it is recommended to 

• 

• 

check the flux shape determination at ORNL (perhaps in the same 
manner as at Harwell and Geel), 

check the KfK corrections for the influence of harder or softer 
y-ray spectra on the intrinsic tank efficiency (these were based 
on observed Y-ray spectra for individual resonances and on tank 
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escape calculations performed for different Y-cascades by Kompe), 

e check the transmission dip area of the 1.15 keV resonance of ''Fe. 
(T\rfo determinations at Geel agreed but had limited statistical 
accuracy and differed from results obtained elsewhere.) This 
check should be performed at laboratories other than Geel, e. g. 
at ORNL, 

• check whether the black-sample normalisation based on Au and Ag 
resonances reproduces the correct thermal cross section of **Fe 
(in progress at Geel), 

• check geometry effects for Moxon-Rae and total-energy detectors 
which could result from the expected differences in multiplicity 
and anisotropy between Y-ray spectra differing in hardness. 

Many of the problems encountered in measurements of structural-
material capture cross sections are caused by limited neutron source 
strength, necessitating for instance fairly thick samples for which 
multiple-scattering and Y-ray self-absorption corrections are sub
stantial. K. Wisshak mentioned a study made at KfK which indicates 
that the new techniques applied to discriminate against prompt neutron 
background at Van de Graaff accelerators could also be used with modem 
high-current ion accelerators that are being sold commercially off the 
shelf. He suggested that possibilities be explored to replace weaker 
electrostatic accelerators by such modern and relatively inexpensive 
machines. 

4. Theory 

The question was discussed whether simple resonance theory, without 
explicit account of valence nucleon effects and direct capture, is 
adequate to deal with structural materials such as Cr, Fe and Ni. Thanks 
to the progress achieved with respect to prompt neutron background it has 
become clear that many of the T -r„ correlations thought to be due 

to valence nucleon transitions are in fact spurious, caused by inadequate 
account for, or complete neglect of, prompt detection of resonance-
scattered neutrons. This is even true for some of the nuclei with high 
p-wave and low s-wave strength functions such as Zr which are often 
cited as providing typical examples for valence capture. 

• The conclusion, therefore, was that the simple resonance theory, 
without valence or direct capture, appears to be quite adequate for 
a quantitative description of neutron capture by structural-material 
nuclei. 

Following a recommendation of the 1977 Geel meeting three main codes 
employed for resonance analysis of structural-material capture data, 
viz. REFIT, FANAC and the ORNL/RPI code, were compared at Harwell. 
In a very severe test with several hundred percent multiple-collision 
correction the calculated first-collision yields agreed perfectly while 
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the total capture areas agreed to better than 4% . In more typical cases 
agreement was said to be of the order of 1% or better, indicating a 
comparable accuracy of the multiple-collision treatment. In order to 
improve portability of the codes it is recommended to 

• create clear-cut interfaces to plotting and other subroutines that 
may be available only at the originating laboratory. 

• provide adequate documentation (user manuals, documented test cases 

etc.) 

where these are not already available. 

The use of Y-ray spectra calculated from nuclear models where no 
other spectral data exist to correct for nonlinearitles in Moxon-Rae 
detector response or to construct weighting functions for total-energy 
detectors has led to encouraging improvements. In this context 

• it is recommended to explore the possibility of operating Moxon-Rae 
detectors as total-energy detectors, i. e. of straightening out 
their non-constant efficiency at low Y-ray energies by means of 
pu1s e-he ight we ight ing. 

Among the problems recognised at the 1977 Geel meeting but not tackled 
yet is the influence on resonance analysis of anisotropic emission of 
capture Y-rays. 

• It is again recommended that this problem be studied. It exists for 
p- and d-wave levels in general and for s-wave levels at higher 
energies where potential scattering amplitudes for p- and d-waves 
are high enough to interfere appreciably with s-wave amplitudes. 

5. Evaluations and Compilations 

It was noted that in contrast to the 1977 KEDAK evaluation and the 
new JENDL-2 evaluation for Fe inelastic scattering by ^'Fe is disregarded 
in ENDF/B-V, although its threshold is as low as 14 keV. This leads to 
wrong transfer matrices and difficulties in the interpretation of 
integral measurements at facilities containing large amounts of Fe and 
should be remedied. 

It was further noted that the new Barn Book (4th edition of BNL 325) 
is affected by the same deficiency. Inelastic scattering widths for ̂ 'Fe, 
still given in the 3rd edition, have now vanished. In general it appears 
that the new edition is already outdated with respect to structural 
materials because results available since the 1975 Washington conference 
and the 1977 Geel meeting are not included. Examples are radiation widths 
and capture areas for Fe and Ni. The radiation width listed for the 
27.7 keV resonance of ^^Fe is more than twelve years old. Nevertheless 
the new compilation is clearly quite important. 
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• It is recommended to distribute the computer file associated with 
the new edition of the Barn Book to the data centres. 

It was realised that there may be problems since unmeasured 
quantities (spins, partial widths etc.) have been generated for the 
computer file by Monte Carlo sampling and similar methods to furnish 
complete tables for computer calculations. But this should not impede 
dissemination as the book can be used to identify such artificial data. 

Measurements relative to gold require careful account of the 
structure in the Au capture cross section. The known structure at keV 
energies, e.g. the steplike feature at 279 keV discussed by T. Ryves, 
should be included in the evaluated files. 

The last problem addressed was the unsatisfactory situation in the 
field of nuclear data evaluation. The US embargo on much of ENDF/B-V 
caused an alternative file to be assembled which includes European and 
Japanese evaluations. Inevitably this creates a great deal of rather 
unnecessary duplication of effort. The unanimous opinion was that 

• ways should be explored to restore the former free exchange of 
evaluated data information as soon as possible. 
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Report of Working Group on 

FAST-NEUTRON CAPTURE CROSS SECTIONS FOR 
THE MOST IMPORTANT FISSION-PRODUCT NUCLEI 

Chairman: 
Secretary: 
Participants: 

H. Gruppelaar 

R*. Anderl, I. Bergqvist, R. Block, P. Collins, Y. Fujita, 
D. Gardner, R. Joly, R. Macklin, E. Menapace, S. Mughabghab 
and R. Reffo 

I. INTRODUCTION 

The main activity of the fission-product (FP) Working Group was 
the discussion of the current status of neutron capture knowledge of the 
most important FP nuclides, including the formulation of recommendations 
toward improved understanding. The results of the discussion are summarized 
in Table 1. General conclusions and recommendations are given in the 
following sections. The status of integral data was summarized by R. Anderl 
(see Sec. V). Nuclear models and calculations were reviewed by D. Gardner 
and G. Reffo (see Sec. VIII) and some of their conclusions are relevant to 
the areas of the other Working Groups. 

II. GENERAL REQUIREMENTS 

Collins, at this Meeting, reviewed the accuracy requirements for 
FP cross sections. These are essentially the same as expressed at the 
Bologna Meeting (1979); i.e. 5-10% in the lumped FP capture cross sections 
averaged over a typical fast-power-reactor (FBR) spectrum. More specific 
requirements are given in Collins' paper. The following comments are 
relevant to the above need. 

For the calculation of the Na-void effect, FP capture in the range 
100 eV to 10 keV (i.e. near the 2.8 keV Na resonance) is of importance. 
Strong FP resonances, those contributing a distinct peak to the lumped FP 
cross section near the 2.8 keV Na resonance, should be resolved. The im
portance of such resonances was demonstrated by Koyama et al. (IAEA-SM-249/24, 
Vol. 1, 1979), who used a mockup FP sample consisting of natural elements in 
the FP mass region. The very prominent '̂*̂ Nd resonance at 2.5 keV strongly 
influenced Na voiding. From these considerations, the Working Group 
recommends that FP capture be described as resolved resonances up to ;::; 10 
keV in those cases where there are strong resonances near 2.8 keV (i.e. 
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near the Na resonance). 

Host of the above cited requirements are relevant to Na-cooled FBR 
systems. For the development of advanced water-cooled reactors (APWR) the 
requirements may be different due to the different core spectra. The resolved 
resonance region is probably much more Important for such reactors but the 
detailed requirements have not been assessed. The need for capture-branching 
calculations (and Information) should also be assessed. Such data could have 
an Impact on radioactive-inventory calculations. 

III. RESOLVED RESONANCE PARAMETERS 

There has been a large improvement with respect to FP resolved 
resonance parameters since the Bologna Meeting ('79). Host of the new data 
are given In the 4^^ Edition of BNL-325. Additional data have very recently 
become available, as indicated by the review of Gruppelaar at this Meeting. 
Since most of these new data have not been used in FP evaluations, it is 
reconnended that evaluated FP files be updated using recent resonance-parameter 
information, taking into account the possibility of missed resonances. Specific 
instances relative to particular nuclides are cited in Table 1. 

IV. ENERGY-AVERAGE CAPTURE-CROSS-SECTION DATA 

The results of post-Bologna measurements were reviewed by Block at this 
Heating. Heasurements for 38 FP from 9 laboratories were considered in that 
review. About 20Z of these experimental results dealt with high-priority FP 
data requests. Only one radioactive nuclide (̂ T̂c) was included. Block 
concluded that "no effort seems to have been made to do the more difficult 
capture measurements." 

Gruppelaar (at this Meeting) compared evaluated and recent experimental 
data for the most important FP nuclides. Some discrepancies were noted, 
discussed In detail by the Working Group and defined in Table 1. It 
may well be possible that an evaluation of new data (including resonance and 
Integral data) using nuclear models with updated parameters will show that 
requests for the most important stable FP data have been met. Many new data 
are relevant to natural elements and such information is useful in the 
Isotoplc evaluation process. 

It was recommended that an attempt be made to measure energy-
average capture cross sections of some unstable nuclides. For example, 
useful results could perhaps be obtained with an available ^̂  Pd sample. 
This sample contains only z 16X '̂'̂ Pd, a large proportion of ^°^Pd and 
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some other Pd isotopes. Gruppelaar suggests a mockup of the stable FPs with 
the same abundance as the active '̂̂ 'Pd sample. A difference measurement 
between the mockup and ^°^Pd-containing samples could give useful results. 
Generally, the feasibility of making measurements with enriched radioactive 
samples should be investigated. Measurements with Ĵ-̂ Î and ^^^Sm are being 
planned at ORNL and KFK, respectively. 

Bergqvist reported on capture measurements in the MeV range. The 
systematics of the capture process near 14 MeV seem well established 
(a z 1 mb). However, this high-energy region is of little FBR interest. 

Experimentalists are strongly urged to provide uncertainty and 
covariance information relevant to their data. A full covariance matrix is 
not required. What is needed are the basic elements requisite to the 
calculation of covariances. In the simplest cases these are represented by 
statistical and systematic uncertainties (e.g. uncertainties associated with 
the reference standard). It is recommended that any corrections or 
normalizations applied to data be communicated to the regional data centers. 
Superseded or suspect data sets should be "flagged" in center files. 

V. INTEGRAL DATA 

Fast-neutron integral data for individual FP nuclides have been measured 
in STEK, FRO, MASURCA, ERMINE, CFRMF, PHENIX and EBR-II. Most of the 
integral data were available at the Bologna Meeting ('79). However, since 
that time the final results of the integral measurements of the isotopes of 
Nd, Sm, and Eu in EBR-II have been reported (R. Anderl et al., EGG-PHYS-5182 
(1981)). In addition, new experiments with important FPs have been carried 
out in PHENIX (M. Darrouget and M. Martin Deider, INDC(NDS)-116/G+P(1981)), 
but the results are not easily available. 

The integral-experimental data have been used in the preparation of the 
evaluated FP files; RCN-2A, RCN-3, ENDF/B-V, CNEN/CEA-80, CARNAVAL-IV and 
JENDL-2. Gruppelaar, at this Meeting, compared several of these evaluated 
files. It was pointed out that the use of multi-group cross sections, 
adjusted with integral data, makes an important contribution to the reduction 
of uncertainties in the "global" FP absorption in FBR systems. 

A summary of integral testing of ENDF/B-V FP cross sections using CFRMF 
and EBR-II integral data was given by Anderl at this Meeting (see also 
EGG-PHYS-5406 (1981)). It appears that many of the discrepancies between 
integral data and ENDF/B-V cross sections will vanish with evaluations based 
upon differential data reported since 1979. Adjusted multi-group cross 
sections, based upon EBR-II integral data, appear in good agreement with 
recent differential data for l'*3Nd, I'+̂ Nd, I'+̂ gn,, l'+9sm, ̂ Slgu and ^ " E U . 
Integral tests for these nuclides indicate discrepancies with ENDF/B-V 
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beyond the integral-test uncertainties. There does not appear to be 
sufficient differential data to resolve ENDF/B-V integral-test discrepancies 
for: ^37c3, iw2ce, l3-x^, ue^j^ ue^d^ 150^ ^„d istg^. At the Bologna 
Heetlng discrepancies were noted between different integral measurements for 
the nuclides: ««Tc, ^^^?d, ^°8pd, ^^^l, iSlgo, l-7p„^ 'ids^ ^„j lOUĵ ,. 
These discrepancies had not been resolved prior to the present Meeting. It 
should be noted that measurements, emphasizing accuracies, are planned at 
CFRMF for '82. including ^^Tc, ^^'^l, ̂ '•̂ Pm, ̂ "^Ag and °̂'*Ru. 

With the availability of new and more complete resonance information 
for Important FP nuclides, it would be useful to report resonance self-
shielding correction factors of group cross sections used to analyse the 
STEK integral data. The results would be helpful in future integral testing. 
New Integral experiments (transmutation measurements) would be helpful in 
inoroving capture cross sections of important radioactive FPs. including 
^"^Pd, '^^Cs, ^°*Ru, ^'^Sm, '̂•-Ce, ^ " R U , ^ " E U , "Zr and «^Zr. 

VI. EVALUATIONS 

The status of FP fast-capture evaluations was reviewed by Gruppelaar. 
He concluded that there are serious discrepancies between recent evaluations 
in both the resolved-resonance and MeV regions. New data should be considered 
in re-evaluations. At high energies there are also large differences due to 
the use of different level schemes (for example, many ENDP/B-V calculations 
were made about ten years ago with older level Information). From Table 1 
it follows that some re-evaluation effort is needed including new experimental 
Information. A covariance analysis is needed to assess the accuracies. It is 
possible that many requirements will be met when all the available information 
is combined. Data for the natural elements should be used to obtain consistent 
evaluations for both isotopes and elements. Cases where the element consists 
of many isotopes must be treated with care. 

The evaluator should give average resonance parameters suitable for self-
shielding calculations as such corrections are important in the analysis of 
integral data involving thick samples. 

VII. LUMPED FP CROSS SECTIONS 

The average capture cross sections in a FBR spectrum due to lumped FPs, 
as calculated from CNEN/CEA, ENDF/B-V, JENDL-1, REN-2A and RCN-3, differ by 
less than IZ. The estimated uncertainty is 6-9Z. This agreement is very 
satisfactory. It should be noted that the previous ENDF/B-IV results tended 
to be about 9Z low. 

For calculations of the Na-vold effect, it may be necessary to represent 
the lumped FP cross sections in five groups near the Na resonance. 
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Because FP nuclides migrate within a fuel pin after they are produced, 
consideration should be given to generating multi-lumped FP sets (gaseous, 
semi-volitile, non-volitile, etc.). These data sets could be used to 
interpret the results of FBR integral measurements. 

Recently, interest has been shown in the use of multi-group lumped FP 
cross sections and their associated covariance matrixes. For example, they 
were used to determine the enrichment of the Clinch River Breeder Reactor 
(see Collins' paper at this Meeting.) 

VIII. NUCLEAR MODEL CODES 

There now exist a number of nuclear-model computer codes with which 
both statistical and non-statistical neutron capture mechanisms may be 
treated in varying degrees of detail. Since the Bologna Meeting ('79), the 
major areas of progress seem to be; i) the testing of codes, ii) the 
development of dependable methods for obtaining the radiation width (or average 
strength functions), and iii) the application of the codes to calculations 
involving isomeric states (not only to the calculations of isomeric popu
lations in the daughter nucleus but also to the calculations involving 
isomers as the target states.) 

In discussing capture calculations, it is convenient to divide the 
incident-neutron energy into three regions, i) the resonance region, ii) 
the range from overlapping resonances to perhaps 5 MeV, and iii) the region 
above 5 MeV. For the purpose of calculating capture cross sections for 
fission-reactor applications; it appears that, in addition to a vanishing 
Hauser-Fesbach component, relatively simple models of the direct-semidirect 
capture processes above z 5 MeV will be adequate, unless detailed 
information about the capture-gamma-ray spectrum is required. In the 
low-energy region it is difficult to make theoretical cross-section estimates 
that are reliable to within an order of magnitude unless some experimental 
resonance information is available. It is the intermediate energy region, 
where statistical-model calculations of the Hauser-Feshbach type apply, that 
benefits most from careful theoretical calculation. In this region it is 
fair to say that the accuracies of the calculated capture cross sections are 
not limited by currently available computer codes but rather by the need for 
accurate and complete input data. Under favorable conditions, it is possible 
to achieve results for FP targets that are accurate to perhaps 25%.* In 
particular, models provide us with the correct shape of the capture cross 
section when the discrete level scheme of the target nucleus is available. 

With regard to statistical-model calculations, there are a number of 
comments that can be made with some confidence. In the region of over-

* Not for fissile targets, for which it is usually necessary to have some 
experimental information on the competing fission channels in order to 
achieve similar uncertainties in the capture cross section. 
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lapping resonances we feel that the valence-capture mechanism may safely be 
Ignored (although it is certainly useful for obtaining a better understanding 
of resonance parameters). The most important parameter in capture calculations 
is TylD, TMs may best be obtained from calculations involving absolute 
gamma-ray strength functions rather than from separate calculations or 
systematics of Ty and D. The experimental parity dependence of the 
observed radiation width should be correctly accounted for by the calculations. 
In general, only dipole transitions are important in the continuum, although 
higher multipoles may be required when treating transitions between the 
continuum and discrete low-lying levels. For transitions between discrete 
levels it is usually necessary to invoke experimental measurements or 
detailed model calculations (e.g. shell model or interacting-boson model). 

Another important quantity for statistical-model calculations is the 
neutron optical-model potential. It appears that a spherical global potential 
may be adequate, even for moderately deformed nuclei, if only the capture 
cross section is required. We favor the SPRT approach, developed by Bruyeres-
le-Chatel, and note that transmission coefficients should be obtained using 
a potential with a spin-orbit term. Often it is not adequate to average 
transmission coefficients over channel spin to obtain values that are only 
functions of orbital angular momentum. This is particularly true if isomer 
populations are to be calculated. 

With regards to the width-fluctuation correction, it is the opinion 
of the Working Group that the method of Holdauer is best. Lumping of 
channels should be considered in order to save computing time. 

The remaining requirements involve discrete level information for 
each nucleus and level-density formulation for the excitation-energy region 
above the discrete levels. There is no adequate way in which a level-density 
experession can reproduce the first 20 or so levels in a nucleus, particularly 
in the deformed-mass region. Not only are the discrete levels required for 
proper calculation of the competition from inelastic-scattering, but they 
may also be important in determining the magnitude of the radiation width for 
each incident-neutron partial wave. In the continuum region we tend to 
favor the Gilbert and Cameron level-density formulation, in which a constant-
temperature model at low energies is smoothly Joined to a Fermi-gas model at 
an excitation energy somewhat below the neutron-binding energy. All parameters 
in the Gilbert and Cameron formulation follow well-defined systematics which 
allow calculation and uncertainty estimates when no level and/or resonance 
schemes are available. The parameters of this model should well represent 
discrete-level information, not only with regard to the number of levels but 
also with respect to their spin and parity distributions. In particular, 
the energy dependence of the spin-cut-off factor should be carefully accounted 
for over the entire energy range. An adequate Yrast treatment is also 
important in a nunber of situations* 

Perhaps the strongest recommendation from the point of view of 
calculation is the requirement for the complete definition of the first 20 
or so levels. Often this Implies supplementing experimental information with 
theoretically calciilated levels. The above is a minimum requirement. For 
deformed nuclei it may be necessary that the collective levels (such as the 
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rotational band) be extended to rather high spins if isomer populations are 
required. In addition, there are circumstances where gamma-branching 
information is required. It may be necessary to create a request list of 
nuclear-structure information for the most important FP nuclei if complete 
calculations are to be made. 

IX. SUMMARY OF RECOMMENDATIONS 

The following items summarize the recommendations cited throughout the 
above text. Appropriate action is encouraged. 

1. Recent differential and integral results should be incorporated in 
new evaluations as indicated in Table 1 and Sections IV and VI 
(above). 

2. Recent resonance-parameter data should be incorporated in new 
evaluations (see Section III). 

3. Nuclear-model calculations for the higher-energy region should be 
updated to reflect improved input data and models (see Section VIII). 

4. New differential measurements of fast capture (mainly radioactive 
nuclei) should be undertaken as indicated in Table 1 and Section IV. 

5. New integral measurements of fast capture should be performed as in
dicated in Table 1 and Section V. 

6. Attention should be given to resolved-resonance descriptions in the 
region of the Na resonance for selected nuclei (see Section III). 

7. Use of enriched radioactive samples should be investigated 
(see Section IV). 

8. Experimentalists should provide uncertainty and covariance 
information (see Section IV.) 

9. Data corrections and renormalizations should be communicated, 
to the regional centers (see Section IV). 

10. Selfshielding correction factors should be reported to facilitate 
the integral-data analysis (see Section V). 

11. Covariance analysis should be used to assess the accuracy of 
evaluations (see Section VI). 

12. Elemental data should be used in obtaining consistent evaluations 
for individual isotopes (see Section VI). 

13. Lumped FP cross sections should be represented with a fine mesh 
in the region of the Na resonance (see Section VII). 



577 

14. Multiple lumped FP data sets should be generated to account for 
FP migration (Section VII). 

15. Extend low-energy level schemes, supplementing with theoretical 
information as necessary (see Section VIII). 

16. Create a request list for nuclear-structure information for the most 
Important FP nuclides (see Section VIII). 
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Table 1: Summary Status, FP-Capture Data^ 

Nuclide, ̂ ^Zr 

Accuracy, ± 15% 
Status, 
a) Resolved resonances; one resonance known. 
b) Average cross section; no data. 
c) Integral data; STEK results (not yet analyzed). 
d) Evaluation (ENDF/B-V); based upon model 

calculations (JENDL-1 is much larger). 

Actions, 
1) Analyze STEK data. 
2) Attempt differential measurements. 
3) Use systematics of neighboring isotopes in evaluation. 
4) Integral data required (transmutation). 

Conclusion, 
Needs not met. 

Nuclide, ̂ ^Mo (similiar remarks apply to ̂ '̂ Mo) 

Accuracy, ± 10 to ± 15% 
Status, 
a) Resolved resonances; new data from AUA-76 and RPI-77. 

There is a gap in the data from 1.9 - 3.06 keV. 
b) Average cross sections; new data from RPI-77 and AUA-78. 

Fairly good agreement. 
c) Integral data; STEK results in agreement with new 

differential information. 
d) Evaluation (ENDF/B-V); in agreement with experimental 

information. 

Action, 
None required. 

Conclusion, 
Accuracies of better than ± 15% have been achieved. 

This table reflects the results of discussions in the Working Group. 
The choice of nuclides is somewhat arbitrary although the ten most 
important FP are discussed. See the Bologna Meeting and the FP 
papers presented at this Meeting for information on other nuclides. 

Remarks as to evaluated data files usually refer to ENDF/B-V. See, for 
comparisons with other evaluations, Gruppelaar's paper and references 
quoted therein. 

The references to experimental data are easily found in the CINDA-82 
data index by inspecting the quantities "Reson Params" and "(n,Y)" 
for the given nuclides, using the laboratory and year keys. 
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Nuclide, ̂ '̂ Mo 

Accuracy, * 20Z 
Status, 
a) Resolved resonances; recent data AUA-76 and ORL-76. 

Resonances known up to 52 keV. 
b) Average cross sections; recent data, AUA-78 and BNL-76 

(at 24 keV). There is agreement between cross 
sections calculated from resolved resonances and 
AUA-78 average cross sections up to 10 keV; at 
higher energies missed resonances occur. 
The older ANL-68 data appears systematically too 
high. A. B. Smith suggests that this older information 
should be used with caution, possibly excepting the 
relative shape. 

c) Integral data; STEK data, large corrections due to 
scattering. 

d) Evaluation (ENDF/B-V); Agreement with AUA-78 results, 
level scheme should be checked. 

Actions, 
1) Re-evaluate in the resolved resonance region. 
2) Check level scheme used in the evaluation. 

Conclusions, 
Needs probably met after re-evaluation. 

Nuclide, ^^Tc 

Accuracy, - 10% 
Status, 
a) Resolved resonances; recent data from; KUR-73, RPI-77, KIL-78, 

KIG-81 and ORL-82 (to be published in NS&E). 
b) Average cross sections; recent data from RPI-77 and ORL-82. 

There is a discrepancy with RPI-77 being larger than ORL-82 
which is larger than KFK-73. KFK-73 data may need corrections 
for sample composition (Priesmeyer, Bologna 1979). Original 
RPI-77 values are 15% lower (improved background correction 
in 1978 by R. C. Little) and in agreement with ORL-82 results. 

c) Integral data; discrepancy between STEK and CFRMF results. High 
uncertainty in CFRMF results (- 15%) and new measurements are 
planned. 

d) Evaluation (ENDF/B-V); updating needed in the resolved range, good 
agreement with RPI-77 and STEK results in the keV range, updating 
needed in the MeV range using improved level schemes. 

Actions, 
1) Correction to the KFK data. Inspection of RPI correction. 
2) Re-evaluate. 
3) New CFRMF measurements (planned). 

Conclusion, 
Needs probably met after action 1 and new evaluation. 



580 

Nuclide. l°^Ru 

Accuracy, ± 10% 
Status, 
a) Resolved resonances; recent data from RPI-75, DUB-80, and 

ORL-80. Useful up to 1 keV. 
b) Average cross sections; recent data from RPI-75 and ORL-80. 

Discrepant, with RPI results larger than ORL values. This 
discrepancy does not exist (or is smaller) for ^^^R^ a^d 104^^, 

c) Integral data; STEK results agree with ORL-80 differential 
values. 

d) Evaluation (ENDF/B-V); updating needed in the resolved resonance 
range. 

Action, 
Re-evaluation the resolved-resonance range. 

Conclusion, 
Needs probably met with new resonance information, ORL and 
STEK results. 

Nuclide, ̂ °^Ru (similar remarks for °̂'̂ Ru) 

Accuracy, ± 10% (IO^R^) and ± 20% (̂ O'̂ Ru) 
Status, 
a) Resolved resonances; recent data from RPI-75, DUB-80, and ORL-80. 

Not enough T^ values above 0.5 keV. 
b) Average cross sections; recent data from RPI-75 and ORL-80. 

Satisfactory agreement (small discrepancy at 15-30 keV?). 
c) Integral data; STEK and CFRMF results agree with differential data. 
d) Evaluation (ENDF/B-V); updating needed in the resolved range. 

Actions, 
1) Measure r^ values in the 0.5 - 5.0 keV range. 
2) Re-evaluate resolved resonance region. 

Conclusion, 
Needs nearly met. 

Nuclides, ^^^Vth 

Accuracy, ± 10% 
Status, 
a) Resolved resonances; recent data from ORL-79 (2.6 -

4.2 keV). No discrepancies. 
b) Averaged cross sections; many new data. Recent 

KFK-81 and CAD-76 data lower than ENDF/B-V. 
c) Integral data; STEK and CFRMF results in agreement with 

ENDF/B-V (a somewhat lower evaluated cross section would 
be an improvement). 

d) Evaluation (ENDF/B-V); ENDF/B-V could be lowered by a few %. 
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Ac 11 on, 
Check evaluation with newest data. 

Conclusion, 
Accuracy requirements met. 

Nuclide, ^°^Pd 

Accuracy, ± 10% 
Status, 
a) Resolved resonances; recent data from DUB-78, GEL-79 and 

ORL-79. New thermal cross section (GEL-81). Resolved range 
satisfactory to 2 keV. 

b) Average cross sections; recent data from RPI-75, AUA-78, 
ORL-81 and GEL-82 (this Meeting); quite good agreement. 

c) Integral data; STEK results are in agreement with differential 
data. There is a discrepancy with French Integral data. 

d) Evaluation (ENDF/B-V); ENDF/B-V too low in the resolved range 
(0.1 - 1.0 keV), slightly too high above 1 keV. Improvements 
may be possible above 0.5 MeV. 

Actions, 
1) Re-evaluate the resolved range. 
2) Re-evaluated the energy-average range. 
3) Update level schemes. 

Conclusion, 
Needs probably met after re-evaluatlon. 

Nuclide, ^°7pd 

Accuracy, ± 10% 
Status, 
a) Resolved resonances; recent data from RPI-78 (up to 655 eV); 

and NIR-80 (up to 45 eV); comparison needed. Thermal cross 
section and resonance integral unknown. 

b) Average cross sections; no data available. 
c) Integral data; STEK results, sample only 15.7% ^"^Pd. 
d) Evaluation (ENDF/B-V); based upon model calculations using 

parameters from systematics. RCN-3 is partly based upon 
model and parameters from the RPI data, particularly SQ. 

Actions, 
1) Compare RPI-78 and NIR-80 data. 
2) Update level scheme. 
3) Use model parameters from RPI-78 data. 
4) Attempt an average cross section measurement with isotopic and 

mockup samples (see Section IV). 
5) Attempt an integral transmission measurement with a small highly-

enriched sample In a fast-power reactor spectrum. 

Conclusions, 
Needs not met, more data needed. 
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Nuclide, ̂ °^Ag 

Accuracy, ± 15% 
Status, 
a) Resolved resonances; recent data from ORL-82 (in press NS+E) 

and JAE-82, to be combined with previous data. 
b) Average cross sections; recent ORL-82 and JAE-82 results are 

in very good agreement. Older DKE-60 data much higher and 
FEI-65 data much lower. 

c) Integral data; STEK and CFRMF results indicate relatively high 
cross sections. 

d) Evaluation (ENDF/B-V); shape of cross section not in agreement 
with some recent data. 

Actions, 
1) Combine new resonance parameter information with previous data and 

use in re-evaluation. 
2) Re-evaluate smooth energy range. 
3) Attempt to obtain agreement with elemental Ag data (ANL-82, 

this Meeting) using new ^°^Ag data (ORL-82, in press NS+E). 

Conclusion, 
Re-evaluation needed, needs then probably met. 

Nuclide, ^^^1 

Accuracy, ± 20% 
Status, 
a) Resolved resonances; few parameters known. 
b) Average cross sections; no data. 
c) Integral data; STEK and CFRMF results in good agreement. 
d) Evaluation (ENDF/B-V); adjusted to integral results. 

Action, 
New measurements planned ORNL. 

Conclusion, 
Wait for new differential data. 

Nuclide, 3̂ 3Cs 

Accuracy, ± 10% 
Status, 
a) Resolved resonances; recent data from RPI-77, NIR-77, 

KIG-81 and ORNL-82 (in press, NS+E). The problem is that the 
capture widths are not well-known. STEK results indicate 
missed strength. 



583 

b) Average cross sections; recent results from KTO-79, BRC-80 
ORL-82 (In press, NS+E), and flltered-beam results from 
KTO-82 (see review of Block at this Meeting). New results 
are in good agreement and also with the older LEB-62 data. 
There is a discrepancy with the KFK-69 data (too high). 

c) Integral data; STEK and CFRMF results agree with the newest 
differential data. 

d) Evaluation (ENDF/B-V); satisfactory in the smooth range up 
to 200 eV. 

Actions, 
1) New resolved resonace data should be used in re-evaluatlon, 

possibly capture widths should be increased. 
2) Check level scheme data used in evaluation. 
3) Capture widths for Isolated resonances required from 40 eV 

to 4 keV. 

Conclusions, 
Needs almost met. 

Nuclide, ^35c8 

Accuracy, t 20% 
Status, 
a) Resolved resonances; one resonance known with value of 

capture width. 
b) Averaged cross sections; no data known. 
c) Integral data; STEK results (to be analyzed, sample composition 

needs to be re-determined). 
d) Evaluation(ENDF/B-V); based upon old systematics, probably 

capture cross section Is much too low. 

Actions, 

1) Differential and integral measurements recommended. 

2) Should be re-evaluated with new systematics. 

3) Analyze STEK data. 

Conclusion, 
Needs not met. 

Nuclide, t37cs 

Accuracy, ± 20% 
Status, 
a) Resolved resonances; no known data. 
b) Average cross sections; no known data. 
c) Integral data; CFRMF data available, STEK data needs analysis. 
d) Evaluation (ENDF/B-V); based upon old systematics, capture cross 

section probably too low. 
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Actions, 
1) Analyze STEK and CFRMF integral data. 
2) Ele-evaluate with new systematics. 

Conclusion, 
Needs not met. 

Nuclide, ^'^^M 

Accuracy, ± 10% 
Status, 
a) Resolved resonances; recent data from RPI-79 and AUA-78. 

Useful up to 4 keV. 
b) Average cross sections; recent data from AUA-77 and JAE-79 

agree up to 100 keV. (There are problems with the data 
in the range 100-200 keV.) 

c) Integral data; STEK and EBR-II results are consistent with 
recent differential data. 

d) Evaluation (ENDF/B-V); evaluation is satisfactory except near 
1 MeV where RCN-3 gives a bump; level scheme needs to be 
checked. 

Actions, 
1) Re-evaluate MeV region, check level scheme. 
2) Check data above 100 keV with the authors, (see b). 
3) Inelastic-scattering data at low energies could be useful for 

checking level scheme. 

Conclusion, 
Needs not met. 

Nuclide, ̂ '*7pm 

Accuracy, ± 10% 
Status, 
a) Resolved resonances; parameters available up to 316 eV, 

recent NIR-78 results need to be included. 
b) Average cross sections; no known data. 
c) Integral data; STEK sample contained 30-40% '̂•'̂ Sm. CFRMF 

uncertainties are 13%. STEK and CFRMF results are in 
reasonable agreement. 

d) Evaluation (ENDF/B-V); based upon STEK and CFRMF results, 
level scheme uncertain above 100 keV. 

Actions, 
1) Use NIR-78 resonance data in re-evaluation. 
2) Re-evaluated average capture cross section using updated level 

scheme. 
3) Consider possible average capture-cross section measurements. 
4) New CFRMF measurements (planned). 

Conclusion, 
Needs not met. 
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Nuclide. l'*̂ Sm 

Accuracy, t 10% 
Status, 

a) Resolved resonances; recent data from JAE-81. Average 
capture width - 62 meV. 

b) Average cross sections; recent data from RPI-75, FEI-77 
and JAE-80. RPI and JAE results are in good agreement, 
FEI values are high up to 25 keV. 

c) Integral data; EBR-II data in good agreement with RPI and 
JAK differential results. STEK data may Indicate lower 
cross sections. Analysis Is difficult due to high 
response in the low-energy range, updated resonance 
information could improve the results. 

d) Evaluation (ENDF/B-V); Complete re-evaluatlon needed. 

Action, 
Re-evaluatlon of e n t i r e energy range recommended. 

Conclusion, 
Needs not met. 

Nuclide, IS^Sm 

Accuracy, ± 10% 
Status, 
a) Resolved resonances; recent data from KAP-75 and NIR-77, 

up to 105 and 18 eV, respectively. 
b) Average cross sections; no known data. 
c) Integral data; STEK data, sample contained only 6.13% ^^^Sm. 

Large discrepancy with PHENIX results (̂ '*̂ Sm sample with 
multiple capture.) 

d) Evaluation (ENDF/B-V); based upon model calculations. Dgjjg 
needs correction for missed resonances and the consequence 
will be an Increased cross section. Very large discrepancies 
In the MeV range (check level scheme and ground-state spin of 
ISlSm). 

Actions, 
1) Re-evaluate over entire energy range using improved model 

parameters and systematics. 
2) New d i f f e r e n t i a l measurements needed (planned ORL-KFK 

cooperative effort in '82). 
3) Recommend Integral transmutation measurement with enriched 

sample In fast power-reactor spectrum. 

Conclusion, 
Needs not met. 
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SOME SUMMARY REFLECTIONS 

A. B. Smith 
Argonne National Laboratory 

I come to this podium as a modest substitute for a distinguished 
scientist. Dr. Andrfe Michaudon. A few days ago he had to cancel his 
attendance here but he extends his best wishes for a successful Meeting. My 
reflections are, in a sense, of virgin purity as I cannot recall ever having 
made a capture-cross-section measurement and my theoretical endeavors are 
certainly elementary. It is from this "unbiased" viewpoint that I consider 
the proceedings of the past few days. 

Thermal reactors are mature and proprietary animals. Fusion systems 
lie over the distant horizon and their neutronic characteristics are, in 
many ways, similar to those of the fast-breeder reactor(FBR). Thus, the 
major applied data need remains the FBR system. Looking back over more than 
a decade, one is impressed by how little the FBR capture-data needs have 
changed and how variable the progress toward the most important data goals 
has been. For example, consider 

FBR Data Uncertainties (%); Status and Goals 

Type Status Goal 

C \ 

238u(n,Y) 

239pu(n,Y) 

2'+0pu(n,Y) 

(n,Y) Fission-
Products 
(n,Y) Struct.-
Materials 

r \ 
1970^ 

10 

20 

30 

40 

30 

Present" 

5-8 

10+ 

15+ 

10+ 

15+ 

f —^ 
1970^ 

2 

3 

10 

10 

10 

Present'' 

3 

4 

3 

5-10 

5-10 

a. Greebler et al., Proc. Inter. Conf. on Nucl. Data for Reactors, 
Helsinki (1970), IAEA Press, Vienna. 

b. From this meeting, particularly the paper by Collins. 

Knowledge of the very important 23 8u(n,Y) data has improved by several 
percentage points but falls far short of the accuracy goal. Uncertainties 
in 239pu alpha have been reduced by a factor of perhaps two but 
remain 3-4 times larger than the desired objective. The accuracy goal for 
2'+0pu capture is now much more stringent due to the consideration of realistic 
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fuel cycles, and we are far from achieving it. Fission-product (FP) and 
structural-material capture objectives have been only partially achieved. 
There remain particularly disturbing discrepancies between differential and 
integral data; for example 238u(n,Y) or the ratio ^^^U(n,y)l2^^?uin,f). 
The progress to this point suggests a need for a increased emphasis on the 
precise determination of a relatively few key FBR capture quantities. 

This is the golden anniversary of the discovery of the neutron. The 
physical understanding of neutron capture is at least half that old. There 
are essentially no new concepts, only experimental verification of old ideas. 
There has been Impressive improvement in our ability to model and calculate 
with a good degree of consistency. However, the models are parameter sensitive 
and, as more accuracy is sought, the acceptable parameter sets depart from 
"global" toward "regional" representations and finally to explicit experimental 
parameterizations absolutely dependent upon underlying observations. Physical 
uncertainties remain troubling (for example, the value of <TylD>f statistical 
level properties and discrete-level-structure specification) and there is 
very little basic-research interest in resolving these issues. It is 
disturbing to note that calculations which describe capture well can be very 
deficient in representing other aspects of the neutron-nucleus inter
action (e.g. large discrepancies in FP inelastic scattering). Theoretical 
calculations provide for excellent physical interpolation between measured 
values but are far less reliable for extrapolation. Typically, there are 
uncertainties of 20Z or more which are too large to meet the more important 
FBR capture needs. It is well to remember that physics is an observational 
science, and that is especially true in the context of the precise applied 
capture-data needs. 

There are two measurement regimes: i) specific high-accuracy, high-im
portance values (e.g. ^^^U(n,Y)), and ii) broad-scope results to modest 
accuracies (e.g. FP(n,Y)). Where nature is kind, it seems clear that the 
activation method offers the most promise for achieving the high-accuracy 
goals. With contemporary technologies flux and activity determinations can 
be made to ~ IZ accuracies, and this should provide capture cross sections 
accurate to the 2-3Z level. Such accuracies have been achieved in dealing 
with the somewhat anologous ^^^U(n,f) process. Where nature is not so kind 
(or where lesser accuracies will suffice) recourse is made to prompt-detection 
techniques. Their potential seems to have reached a plateau at the 5-8Z 
accuracy level with little, if any, promise that 2-3Z accuracies can soon be 
achieved. 

Given the above measurement potential, the gold-capture standard situation 
is disturbing. This is an ideal case for activation measurements, and it is 
a reference standard for work reported at this Meeting. Yet, the gold situation 
seems to have deteriorated since the 1970 Standards Symposium and certainly the 
potential for (and desired) accuracies of several percent has not been realized. 
The situation is similar for the key 238u(n,Y) crosc section; the FBR goal is 
achievable, yet nothing seems to have been done for more than three years, 
with the result that the contemporary knowledge is probably no better than a 
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decade ago. These two examples (and there are others) are very disturbing. 
Diligent engineering application of established techniques should have 
produced far better results. It is clear that only measurements capable of 
achieving few-percent accuracies will have a substantive effect on the 
contemporary understanding in these precise cases (e.g. U(n,Y)). 

Equal concern can be expressed for the status of fissile-alpha values, 
but the experimental course is not nearly as clear. The 10-20% discrepancies 
between recent ^^^U alpha results is startling. It is disturbing to note 
that the same general techniques, and even personnel, have been involved in 
the important ^^^Pu alpha measurements, where the FBR accuracy goals are 
precise. Not only have the latter not been achieved, but it seems very likely 
that the present understanding is far more uncertain than previously estimated. 
Yet, there has been no work on ^^^Pu alpha for five years or more. The U 
alpha status is at least as unsatisfactory, with no experimental effort for 
approximately a decade. '̂*°Pu capture is important in realistic FBR fuel 
cycles, yet the capture cross section remains essentially unknown above 
several hundred keV. Concern for alpha is endemic thoughout the fissile 
nuclei. The accuracy goals for the most important cases clearly exceed 
theoretical capabilities. No experimental method has the proven potential 
for achieving the desired 2-3% accuracies, nor does an experimental break
through appear imminent. The outlook for precise fissile-alpha values is 
not optimistic. 

Following the 1977 Specialists Meeting at CBNM, knowledge of structural-
material capture has shown much progress. Experimental perturbations due to 
scattering are now largely understood. Spectral sensitivities of a variety 
of detector systems are better delineated, in part by careful coordination of 
measurements and calculations. Glaring discrepancies in the radiation 
widths of "classic" resonances are being removed, with results converging to 
common values. Unfortunately, the new results have not yet been assimilated by 
most of the users (e.g. 27 keV resonance in Fe). There remain some experi
mental background and flux issues, but the goal of determining structural-
material-capture to 5-10% accuracy appears consistent with contemporary 
capability, and will be reasonably-well achieved. With this relatively good 
situation, it is difficult to understand some of the integral discrepancies. 
It was pointed out that stainless-steel capture, as given in various multi-
group libraries, can differ by as much as 60% (Collins' paper). Recent 
NEACRP intercomparisons showed large differences between iron transport 
cross sections generated at various laboratories (up to 25% at even the 
one-group level). Then, there is the problem of self-shielding in the 
unresolved resonance region, with peculiar conclusions frequently drawn from 
studies of neutron transmission through thick media. These and similar 
problems do not seem consistent with the relatively goo 
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uncertainties may tend to compensate in the average. FP capture data has 
Improved considerably over a decade, with a very modest Impact on calculated 
FBR performance. However, the improved data sharply reduce uncertainties in 
performance predictions, with potentially large fiscal benefits. Despite 
some large discrepancies, the continuing need for stable-FP capture data 
appears relatively small. A number of governing stable-FP data uncertainties 
are now often associated with processes other than capture: e.g., with 
inelastic scattering. Actlve-FP capture is another matter, and the primary 
source of differential data will doubtlessly remain microscopic calculations 
since the prospects for active-FP capture measurements with any degree of 
accuracy and scope are not promising. Integral studies of active-FP capture 
are more attractive and, generally, integral measurements provide useful 
tests of differential FP results. However, one should bear in mind that 
fission yields vary %rith energy and can be significantly dependent on the 
particular integral spectrum involved. 

Evaluation plays a key interface role between producer and user. It 
should be approached in a %ihollstic, physical manner which precludes confine
ment to any particular provincial area (e.g. capture). Glaring physical 
shortcomings in the evaluation process are all too frequent: e.g., omission 
of significant isotopes (e.g. ^ Fe), actinide inelastic-scattering errors of 
30-50Z with a sharp impact on integral predictions, and "background" resonances 
In the structural materials that approach or exceed those of the "foreground", 
etc. We should give more attention to the physical content of the 
evaluations to assure that our results are being properly communicated 
to the user. Some consideration of integral calculations themselves also 
seems to be in order. Cooperation in and comparison of evaluations is 
wise, but with independent thought. Some the the evaluation comparisons 
made over the past few days appear to be somewhat incestuous. 

I am indebted to all of you participants who so liberally gave of your 
time and talent, to the working group chairmen who led the fruitful discussions 
that have Just been summarized, and, particularly, to Dr. Wolfgang Poenitz 
whose skill and energy were a prominent contribution to this Meeting. 
It has been very much our pleasure to be your host. I hope you have found 
the tfeetlng of value and leave now with new knowledge and renewed enthusiasm. 
To each of you go my very best wishes. 
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